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Abstract 
 
The reliability of foraminifera as stratigraphic index fossils, and as isotopic proxies of 
marine environments, is based on the assumption that the fossil concepts represent uniform 
species, responding consistently to their ambient environments. Understanding sources of 
uncertainty is, therefore, critical. In this dissertation, I explore a potential bias in the application 
of planktonic foraminifera utilized extensively for Cenozoic paleo-reconstruction and, to a lesser 
extent, biostratigraphy: the Globigerinoides ruber-elongatus plexus (‘plexus’ meaning a complex 
network of interconnected members). Taxonomic revisions since 1826 have resulted in the 
merging of multiple Globigerinoides species names under one general designation 
(“Globigerinoides ruber”), the implications of which are now under scrutiny. These 
“morphotypes” of G. ruber have been shown to incorporate stable isotopes and trace elements in 
seawater dissimilarly, and correspond to multiple genetic species, some of which occupy 
different environments.  
Various criteria exist to sub-divide, group, or distinguish members of the Globigerinoides 
plexus, most notably the recurring use of Globigerinoides elongatus as a less spherical, less 
symmetrical counterpart to G. ruber. But the efficacy of these various taxonomic criteria has not 
been tested quantitatively. Most rely on the traits of visually distinctive “end-members,” while 
specimens in the morphological “transitional zone” are left to an observer’s subjective 
interpretation. This prevents quantification in census counts, and may lead to erroneous 
vii 
 
geochemical analyses. Furthermore, molecular clock estimates suggest that the G. elongatus 
species evolved significantly later than G. ruber, affecting its potential as a biomarker.  
In this dissertation, I examine the potential of a minimal-criteria system for classifying 
Globigerinoides-type morphologies using only three conditions: final chamber compression, 
final chamber asymmetry, and aperture compression. Morphometric analyses on specimens 
grouped according to this new system allow us to assess to what degree visual classification 
reflects morphospace discontinuity. Armed with this information, I then explore potential 
isotopic offsets between members of the Globigerinoides plexus, and its use in reconstructing 
regional differences in climate or habitat influences in the Gulf of Mexico and Caribbean basins. 
Finally, having shown that G. ruber and G. elongatus can be reliably visually distinguished, I 
tracked the species’ fossil presence individually in a deep core from the South China Sea, and 
confirmed the presence of G. ruber in the South China Sea through the late Miocene, and G. 
elongatus through the Pleistocene. While it is believed that neither species was traced to its true 
first occurrence (FO), the relative FO of G. ruber was shown to be 4–5 Ma before G. elongatus.  
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Chapter 1. 
Introduction 
 
Rationale 
 
Fossil foraminifera are a valuable tool for reconstructing paleoceanographic and 
paleoclimatic conditions. Changes in ambient seawater temperature, surface productivity, water 
column structure, global ice volume, continental weathering inferred through river runoff, 
salinity, and other environmental parameters are reflected within the minor element and stable 
isotope ratios of the foraminiferal shells (see Chapter 2 and references therein). Some species of 
foraminifera are also effective as index fossils or biomarkers: morphologically unique, 
geographically widespread, and evolutionarily short-lived fossils that can be used used to 
subdivide, correlate, and define the relative ages of strata in the geologic record (e.g., Grimsdale 
1951; Ramsay 1977; Bolli et al. 1985). Such studies necessarily assume that the foraminiferal 
specimens assessed represent uniform species, incorporating seawater chemistry at relatively 
consistent rates throughout time. Understanding potentially problematic or inconsistent 
morphological “species” is therefore critical for improving the accuracy of foraminifera-based 
paleo-reconstructions and biostratigraphy. 
This dissertation examines the morphological “species” concept of Globigerinoides 
ruber, a planktonic foraminifer used routinely for Cenozoic paleoceanographic studies, and, to a 
lesser extent, as an index fossil. The following questions are addressed: 
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a) Historically, what criteria have been used most consistently to distinguish members of the 
G. ruber-elongatus plexus? 
b) Can its members be objectively and consistently distinguished, in agreement with 
existing taxonomic systems, and with their modern biological species concepts? 
c) How does the geochemistry of coretop and downcore specimens identified by these 
criteria compare to previous studies? 
d) Is it necessary or advisable to divide members of the G. ruber-elongatus plexus and 
analyze them independently in future paleoceanographic research? 
 
The taxonomy, geochemistry, and temporal distributions of the G. ruber-elongatus 
plexus are examined, with the goal of reconciling fossil taxonomy with known biospecies 
concepts, with the goal of improving its use as a fossil paleo-proxy. 
 
Organism of Study 
 
As detailed in Chapter 2, Globigerinoides ruber (d’Orbigny 1839) is a common sub-
tropical to tropical planktonic foraminifer with two chromotypes, which lives in the upper mixed 
layer of the water column (Bé 1977; Boersma 1978). Originating in the Pleistocene (ca. 0.40 Ma; 
Li, 1997), the pink G. ruber chromotype disappeared from the Indo-Pacific oceans ca. 0.12 Ma 
(Thompson et al. 1979). It is now found exclusively in the Atlantic Ocean and its marginal 
basins. The G. ruber (pink) chromotype is geochemically and genetically unique from its white 
counterpart (Anand et al. 2003; Auhrahs et al. 2009). Its distinctive color, which is thought to be 
the product of a carotene derived from the foraminifer’s algal symbionts, makes it easy to 
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distinguish over its short temporal range. The focus of this dissertation is the white chromotype, 
which appeared during the mid-Miocene (see Chapters 2, 5, and references therein), and remains 
cosmopolitan to all mid-to-low-latitude basins. The older temporal range and wider geographic 
distribution have led to a correspondingly wider variability in shape and chemistry for G. ruber 
(white). This, in turn, has resulted in many interpretations of its fossil taxonomy, eventually 
culminating in the umbrella designation Globigerinoides ruber (white) by Cushman (1927). 
These “morphotypes” of G. ruber have since been shown to incorporate isotopes and trace 
elements dissimilarly, and correspond to multiple genetic species (e.g., Globigerinoides 
elongatus, d’Orbigny 1927), occupying different depths in the water column, and dominating the 
planktonic assemblages at different intervals in geologic time. Furthermore, molecular clock 
estimates suggest that the G. elongatus species evolved significantly later than G. ruber, 
affecting its potential as a biomarker.  
 
Project Background 
 
This research was motivated by the completion of my master’s research under the 
guidance of Dr. Benjamin Flower. I analyzed both pink and white G. ruber in a sediment core 
from Orca Basin (26˚56.78’N, 91˚20.74’W; 2248 m water depth), recording early meltwater 
pulses from the Laurentide Ice Sheet that drained in the Gulf of Mexico via the Mississippi River 
watershed at the end of the Last Glacial Maximum. As I was identifying G. ruber (white) as a 
single species, after Kennett and Srinivasan (1983), I asked Dr. Flower why the G. ruber 
specimens in general appeared to become progressively more “squashed” in samples further and 
further downcore. Following his advice to seek out literature on G. ruber morphology, two 
studies (Wang 2000; Steinke et al. 2005) came to my attention. These studies, based in the South 
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China Sea, described G. ruber as having geochemically distinct “morphotypes” (G. ruber sensu 
stricto and sensu lato), both of which occurred in the Orca Basin core.  
I had already started a PhD project, also under Dr. Flower, examining assemblage 
changes, mortality, and δ13C variations in the benthic foraminiferal populace of the West Florida 
Shelf after the blowout of the Deepwater Horizon offshore drilling rig in 2010. Dr. Flower 
suggested I continue to study the morphotypes of G. ruber as a side project, and perhaps 
complete and submit a short manuscript comparing the Gulf of Mexico’s morphotype 
geochemistry to that of the South China Sea. When Dr. Flower passed away shortly after I began 
my doctoral studies, his projects were transferred to other researchers. To continue my doctoral 
studies, I decided to focus on G. ruber morphology full-time, under the supervision of my 
doctoral committee member, Dr. Pamela Hallock. Sample material immediately available 
consisted of residual Orca Basin sediment left over from Williams et al. (2010) and Brown 
(2011) at the University of South Florida. 
 An opportunity to apply to sail with International Ocean Discovery Program (IODP) 
Expedition 349 to the South China Sea arose in 2012, during the transition phase between my 
originally-planned PhD project and the development of a new project, focusing on 
Globigerinoides morphology. In the application, I proposed extending the downcore 
morphotype-specific research of Wang (2000), which ended at Marine Isotope Stage 3, to a 
deeper point in geological time. The rationale was that (1) the deepest G. ruber-G. elongatus 
(therein G. ruber sensu stricto-G. ruber sensu lato) isotope comparison at the time was also from 
the South China Sea; thus (2) the close proximity of Expedition 349’s planned coring sites to 
published material from shallower cores in the same region would allow for a geochemical 
comparison unaffected by potential external influences to the isotope signal (e.g., differences in 
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hydrology, seasonality, general temperature or salinity) at other latitudes or basins. The 
expedition was understood to have, at best, a moderate chance of contributing applicable data to 
my doctoral project, because the major focus of the expedition was petrology and tectonics. The 
application process and subsequent expedition provided experience in proposal-writing, project-
planning, and working in a high-pressure environment with onsite biostratigraphy, in addition to 
the anticipation of useful data for my dissertation. The experience and professional connections 
gained during the expedition were exceedingly valuable (see Chapter 4).  
At the same time as I was applying to IODP, Dr. Hallock and I began to form a new 
doctoral committee, and she introduced me to Dr. Michal Kučera at the Center for Marine 
Environmental Sciences (MARUM), University of Bremen. To better learn from his expertise in 
foraminiferal diversity and morphometrics, I also applied to the Fulbright Program, and spent 
three months at MARUM as an intern in 2013, followed by 17 months as a Fulbright researcher 
from 2014–2015. This gave me access to coretop and downcore sediment from several 
expeditions by the German vessel FS Meteor, archived at the University of Bremen (see 
Chapters 2, 3). This dissertation is, ultimately, a collaboration between the University of South 
Florida, the International Ocean Discovery Program, and the University of Bremen. 
 
Overview of Dissertation 
 
 This dissertation explores the defining taxonomic characteristics, temporal and 
geographical distribution, and geochemistry of the Globigerinoides ruber-elongatus plexus in the 
following chapters: 
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 Chapter 2 begins with a review of Globigerinoides ruber’s historical nomenclature and 
taxonomic classification, highlighting recurring criteria for identifying various 
interpretations of the species concept as it was merged, separated, and re-merged with 
other species concepts. I then demonstrated how G. ruber can be consistently and 
objectively differentiated from Globigerinoides elongatus, based on the most recurring 
aspects used to differentiate Globigerinoides morphospecies in existing literature. This 
work will be submitted to the Journal of Foraminiferal Research. 
 Chapter 3 describes the geochemistry of G. ruber and G. elongatus (identified using the 
techniques described in Chapter 2) at a series of coretop and downcore sites in the Gulf of 
Mexico and Caribbean Sea. Isotopic signals of both species are examined, and compared 
to the conflicting data of two previous morphology-specific studies in the same 
geographical region. This work will be submitted to the Journal of Marine Systems or 
Marine Micropaleontology.  
 Chapter 4 outlines the planned research for tracking G. ruber and G. elongatus downcore 
to their first occurances in the fossil record of the South China Sea using material from 
IODP Expedition 349. Limited and results were obtainable due to poor preservation.  
 Chapter 5 closes the dissertation with a summary of the overall conclusions drawn from 
the research above, and additional work that might be beneficial to pursue in future.  
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Chapter 2. 
Consistent separation of the Globigerinoides ruber-elongatus plexus using simple 
morphometrics 
 
Note to the Reader:  
This chapter will be submitted to the Journal of Foraminiferal Research in 2018, under the 
authors: Elizabeth A. Brown, Manuel F. G. Weinkauf, Pamela Hallock, and Michal Kučera. 
  
Abstract 
 
 The planktonic foraminifera, Globigerinoides ruber and Globigerinoides elongatus, are 
often treated as morphotypes of the same species for both modern and paleoceanographic 
studies. However, G. ruber and G. elongatus represent two distinct phylogenetic lineages and 
can exhibit dissimilar values of stable isotopes and minor chemical elements. Inconsistent 
criteria for identifying the members of the G. ruber-elongatus plexus can thus limit the 
comparability of species counts and chemical analyses used to determine past sea surface 
conditions. Various criteria have been used to differentiate G. ruber and G. elongatus 
morphologies, but the efficacy of those criteria has not been tested quantitatively. Morphometric 
analyses of G. ruber and G. elongatus from the Caribbean, identified based upon the most 
common criteria used to differentiate them in existing literature (final chamber compression and 
asymmetry, and aperture compression) reveal that members of the G. ruber-elongatus plexus can 
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be consistently distinguished, in agreement with existing taxonomic concepts. Aperture 
compression values for the two species were not significantly distinct to use as a major 
identification criterion. A discriminant analysis between morphotypes using only final chamber 
compression and asymmetry (Cp, Ay) values showed 94% of specimens correctly assigned, 
based upon these two criteria alone, suggesting the simple two-point distinction is both sound 
and largely consistent with previous type specimens. 
  
Introduction 
 
Geochemical analysis of fossil foraminiferal shells is a routine approach to reconstructing 
palaeoceanographic and palaeoclimatic conditions. Certain stable isotopes and minor elements, 
which substitute into the CaCO3 lattice during calcification, vary in response to changes in 
ambient seawater. Environmental conditions, including temperature (e.g., Emiliani 1955; 
Shackleton 1967), inferred glacial ice volume (e.g., Shackleton 1987), the δ18O of seawater and 
inferred salinity (e.g., Duplessy et al. 1992), paleo-pH (e.g., Hönisch and Hemming 2004; 
Raitzsch and Hönisch 2013), variations in the structure of the water column or thermocline (e.g., 
Patrick and Thunell 1997; Xu et al. 2010; Antonarakou et al. 2015; Regoli et al. 2015), ocean 
circulation (e.g., Duplessy et al. 1984; Pak and Miller 1992), and surface productivity (e.g., 
Ganssen and Sarnthein 1983), all have been interpreted based on stable isotopic and trace-
element analyses of foraminiferal shells. Such studies necessarily assume that the foraminifera 
assessed represent uniform species, incorporating seawater chemistry relatively consistently 
throughout time. This is important because vital effects are not comparable between species 
(e.g., Spero et al. 1991; Zeebe et al. 2008). The mixing of two or more different species for 
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purposes of geochemical analyses thus gives rise to interaction effects that are difficult to 
control, considerably complicating interpretations.  
Living foraminifera are identified and classified by the morphological features of their 
shells, supported by observations of laboratory behavior, ecological habitat, ontogeny and 
reproductive cycles, biochemistry, and genetics (e.g., Huber et al. 1997; Darling et al. 1999). By 
contrast, classification of fossil foraminifera is based on shell morphology alone. Reconstruction 
of past environmental parameters reflected in chemical or morphological changes in the fossil 
shells is, therefore, extrapolated from studies of living analogues and species-specific 
calibrations based on laboratory culture (e.g., Bemis et al. 1998; Lea et al. 1999; Anand et al. 
2003). As foraminiferal species differ evolutionarily, and, accordingly, differ in physiology or 
response to local environmental influences, the shape and chemistry of foraminifera are quite 
diverse (Kucera and Darling 2002). The greater the morphological variation, the more vulnerable 
the species is to biased or inconsistent interpretation. One example of such taxonomic 
discrepancy is the Globigerinoides ruber-elongatus plexus. 
 
Background: Globigerinoides Taxonomy 
 Globigerinoides ruber [née Globigerina (Gl.) rubra: d’Orbigny 1839] is a planktonic 
foraminiferal species with two chromotypes (pink and white), representative of the upper mixed 
layer of subtropical to tropical oceans since the Miocene (Bé 1977; Boersma 1978). The white 
chromotype, cosmopolitan in low-latitude ocean basins, is a common proxy species for 
geochemical reconstructions of sea-surface conditions (e.g., Leventer et al. 1982; Elderfield and 
Ganssen 2000; Flower et al. 2004; Richey et al. 2009).  
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Alcide d’Orbigny (1839) named Globigerina rubra (now designated the pink 
Globigerinoides ruber chromotype) in reference to the reddish coloration of its calcite shell. 
Joseph Cushman (1914) later used the same name to describe white specimens morphologically 
identical to those detailed by d’Orbigny (1839). The reddish hue had already been observed to be 
variable in other species, including Trochulina (née Truncatulina) rosea (Cushman 1910), and 
the so-called bulloides-like forms of Globigerina rubra [later designated Globoturborotalita (née 
Globigerina) rubescens; see Hofker 1956, 1976]. The color of Globigerina pyramidalis (van den 
Broek 1876) was likewise described as variable, ranging from white to pink, or both. Van den 
Broek concluded that the pink or reddish coloration had no value as a basis for characterization 
of the species. White and pink Globigerina specimens were therefore combined under a single 
nomenclature (Cushman 1914). Cushman (1927) later separated the genera Globigerinoides and 
Globigerina based upon the presence or absence of multiple supplementary apertures in the final 
chamber of mature specimens. Thereafter, G. ruber (née Gl. rubra) was designated the type 
species of the Globigerinoides genus.  
D’Orbigny (1826) also sketched specimens of a similar planktonic foraminifer, 
designated Globigerina elongata. The sketches, however, were not accompanied by a written 
description; later efforts to do so have used specimens identified with d’Orbigny’s sketches (e.g., 
McCulloch, 1977).  Multiple subsequent revisions of both species’ taxonomies resulted in the 
inclusion of a wide variety of similar morphologies within the plexus. Banner and Blow (1960) 
suggested Globigerina cyclostoma (Galloway and Wissler 1927) was related to Gl. rubra, and 
that Globigerina pyramidalis (van den Broeck 1876) was synonymous with the high-spired Gl. 
rubra forms of Brady (1884, in: Jones 1994) and Cushman (1927). Banner and Blow also 
postulated a relationship between Gl. elongata and Gl. rubra, but continued to treat them as 
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distinct, due to Gl. elongata’s thicker cancellate wall, rounder apertures, and less inflated 
chambers in the final whorl. Parker (1962), however, observed that the walls of Globigerinoides 
ruber thickened in samples collected along a transect from high latitudes to lower latitudes, 
while chamber inflation decreased along the same gradient. These trends were attributed to 
environmental factors, such as temperature, affecting shell growth. As the species 
Globigerinoides elongatus (syn. Globigerina elongata) fit within the accepted morphological 
parameters of Globigerinoides ruber, G. elongatus came to be regarded as a phenotypic variant 
of G. ruber.  
Morphological diversity within the expanding G. ruber plexus gave rise to a number of 
studies exploring the causes and implications. Parker’s (1962) morphological-latitudinal gradient 
was elaborated upon by Orr (1969) and Hecht (1974), who reported that variations in the size of 
G. ruber, and in the size and shape of the final chamber, secondary calcification, and other 
related structures, formed mappable patterns in Atlantic and Gulf of Mexico waters. These 
differences were attributed to the possibility of different G. ruber morphotypes having different 
preferred calcification temperatures, reflected in the δ18O and Mg/Ca ratios of foraminiferal 
calcite.  
During the past decade, studies in the South China Sea, Mediterranean, Western Pacific, 
and Gulf of Mexico have shown that the so-called “morphotypes” of white G. ruber (initially 
two types designated G. ruber sensu stricto and sensu lato by Wang 2000) incorporate isotopes 
and trace element ratios dissimilarly (e.g., Wang 2000; Kuroyanagi and Kawahata 2004; 
Kawahata 2005; Steinke et al. 2005; Löwemark et al. 2005; Sadekov et al. 2008; Numberger et 
al. 2009; Antonarakou et al. 2015). The compressed morphology and heavier δ18O of G. ruber 
s.l. indicated calcification at greater depths (>30 m) than G. ruber s.s., which flourishes in 
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surface waters (Wang 2000). This hypothesis has since been corroborated with sediment traps 
and live plankton tows (e.g., Anand et al. 2003; Kuroyanagi and Kawahata 2004). Finally, 
molecular phylogenetic analyses of SSU rDNA revealed that the morphospecies G. ruber 
corresponds to five genetic types, and that the type morphologies of G. ruber s.s. and s.l. 
represent “end-members” of a number of related but distinct biospecies, along with the G. ruber 
pink chromotype (Darling et al. 1997; Kuroyanagi et al. 2008; Aurahs et al. 2009). Aurahs et al. 
(2011) recommended that new names be assigned to the white subgroups, retaining the name 
“Globigerinoides ruber” for the pink chromotype alone, as originally proposed by d’Orbigny 
(1839). 
 For paleontologists, the question of whether a morphospecies concept can be reconciled 
with both chemical and genetic distinctiveness is complicated by the subjective nature of 
interpreting a foraminifer’s physical characteristics when molecular analysis is not possible. In 
the case of fossils in the G. ruber-elongatus plexus, the issue is compounded by the lack of a 
consistent, universally agreed-upon set of criteria by which to objectively distinguish its 
members. This is illustrated in a Gulf of Mexico Holocene morphotype study using couplets of 
nonspecific intermediate forms and kummerform  types, as well as G. ruber s.s. and s.l. end-
members, which showed no systematic offsets in δ18O or δ13C (Thirumalai et al. 2014).  
Morphological-genetic correspondence has, nevertheless, been demonstrated within the 
G. ruber plexus. Kuroyanagi et al. (2008) reported a consistency between G. ruber genetic Type 
I and Wang’s (2000) morphological concept of G. ruber sensu stricto (s.s.). Aurahs et al. (2011) 
showed the morphology of genetic Type IIa to be consistent with the species concept of G. 
elongatus (d’Orbigny 1826), comparable also to Wang’s concept (2000) of G. ruber sensu lato 
(s.l.), through discriminant analyses of ultimate and penultimate chamber compression.  
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A consistent set of base criteria to characterize the morphology of these confirmed 
genetic types with known geochemically distinct signals would contribute to the ongoing 
challenge of increasing confidence in the geochemical values in the foraminifera when used as 
paleo proxies. Numerous criteria exist to distinguish morphological types, with varying degrees 
of complexity (see Table 2.1), but their efficacy has never been tested quantitatively. The 
objective of this study was to explore the following: 
a) What criteria are used most consistently to distinguish members of the G. ruber-
elongatus plexus? 
b) To what degree can two groups be distinguished using only the criteria found most often 
in existing literature? 
c) Is the system replicable?  
Here, we present a morphometric analysis of coretop specimens of G. ruber and G. 
elongatus from the Caribbean Sea, wherein specimens were classified solely by the three criteria 
found in the majority of previously reported protocols used to subdivide members of the G. ruber 
plexus: (1) final chamber compression, (2) final chamber asymmetry, and (3) primary aperture 
compression.  
We tested these three variables as a highly-simplified set of identification criteria by 
visually classifying specimens based on these features alone. We then measured the selected 
parameters in all specimens, assessing to what degree the classification reflects morphospace 
discontinuity. Finally, we asked five colleagues to independently classify the same specimens 
based on the same three criteria, to test whether multiple researchers can use our simplified 
identification system to within reasonable agreement.  
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Materials and Methods 
Historical Taxonomy, Classification, and Literature  
 
In selecting criteria for differentiating G. ruber from G. elongatus as simply as possible, 
the methods used in previous studies were examined for their descriptions and images (see Table 
2.1). These studies included descriptions of species holotypes, major revised taxonomic 
classification schemes, or literature specifically examining geochemical, morphological, 
ecological, biogeographic, temporal, or genetic variability among members of the G. ruber-
elongatus plexus (treating them either as morphotypes of the same species, or as distinct 
species).  
Within the literature, frequent criteria for classification include the shape or the 
dimensions of one or more chambers in the final whorl (individually or relative to previous 
chambers), relative dimensions of the final aperture, height of the trochospire, tightness of 
coiling, thickness of the calcite walls, and position of each chamber over the previous suture. The 
most common criterion found in the majority of previous studies was some description of the 
dimensions or shape of the final chamber (Table 2.1). Within that broad term, we identified two 
recurring characteristics of the final chamber of G. elongatus used to differentiate it from that of 
G. ruber: (1) a higher degree of asymmetry, and (2) chamber ‘compression,’ or ‘flatness’ (G. 
ruber’s final chamber, by comparison, being frequently described as some variant of ‘spherical’ 
or ‘inflated’).  
For this study, therefore, the two species were experimentally separated using only these 
two characteristics as identification criteria: if the final chamber was judged to be asymmetrical, 
or to be too compressed to be described as ‘round’ or ‘spherical’ (the height appearing to be circa 
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two-thirds of the width or less), the specimen was labeled as G. elongatus. If neither of these 
conditions were met (meaning the chamber appeared to be both symmetrical and the height-to-
width ratio appeared nearly equal), it was labeled as G. ruber.  
Finally, while not as commonly cited as a factor in describing G. ruber and G. elongatus 
or analogues (e.g., G. ruber sensu stricto/sensu lato, etc.; see Table 2.1), the size or shape of the 
final primary aperture was also a criterion found in half of the evaluated studies (11 out of 22). 
As a third potential criterion, final primary aperture dimensions of the identified specimens were 
also assessed for any consistent relationship.  
Papers in the taxonomic literature also included scanning electron microscope (SEM) 
images, photographs, illustrations, lithographs, or other figures of the authors’ specimens. These 
images were digitally extracted from the literature and measured for comparison to our own 
samples.   
 
Samples 
Shells of Globigerinoides sp. were picked from the surface (0–0.5 cm interval) of 
sediment taken during FS Meteor cruise M 35/1 at station M35004-3, multicore sample 409 
(hereafter “M35/1 409”), west of Martinique in the Caribbean (14° 24’ 38.88” N, 61° 39’ 57.96” 
W; 2889 m water depth; see Hemleben et al. 1998). The location sits well above the calcite 
lysocline for the Western Atlantic, so the effect of calcite dissolution should be minimal and 
preservation was excellent. Sediment was washed over a 63-µm mesh; residue was flushed onto 
filter paper and dried in an oven at 40°C. The samples were then dry-sieved to obtain the 150–
350 µm size fraction, and split with a microsplitter to obtain a subsample of roughly 300 
specimens. From that subsample, all planktonic foraminifera in the assemblage were identified 
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and counted under a binocular microscope, and all Globigerinoides specimens were identified as 
G. ruber or G. elongatus, according to the criteria described above (Figure 2.1). 
 
Morphometric Analysis 
Once visually identified, Globigerinoides specimens from both groups were 
photographed, and morphometric analyses were performed. Final chamber compression (Cp), 
final chamber asymmetry (Ay), and aperture compression (AC) were measured on 264 images of 
G. ruber (white) and G. elongatus. Specimens were mounted on a glass slide with double-sided 
adhesive tape, and photographed with a Canon Eos 600D camera mounted on a Zeiss SteREO 
Discovery V8 stereomicroscope at 6.3x magnification. To provide contrast to the edges of the 
foraminiferal chambers and avoid biasing measurements with “shadow” or “halo” effects, all 
specimens were photographed in both reflected and transmitted light, and measurements were 
performed on both sets; if the measurements didn’t agree to within 10 µm, the specimen was 
removed from the tape, repositioned, and the images retaken and re-measured (see Table A2; 
Table A3).  
In addition to our specimens, 32 photographs, SEM images, lithographs, and sketches of 
foraminifera designated as G. ruber, G. elongatus, or other names considered comparable with 
either (e.g., G. ruber sensu stricto or sensu lato, G. ruber normalform, G. ruber platys, etc.), in 
previous publications that distinguished between them (see Table 2.1; Table A4; Table A5) were 
also measured. This allowed a visual assessment of the consistency of our identification criteria 
compared to the existing systems upon which it was based. Images of specimens in the umbilical 
view were digitally extracted from PDFs of the literature. Only figures containing images in the 
umbilical view were used, allowing for an accurate measurement of the foraminferal outline, as 
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well as final chamber and aperture dimensions; some important literature (e.g., Cushman 1927; 
Parker 1962) did not contain analogous umbilical illustrations of G. ruber or G. elongatus, and 
could not be comparably assessed. The sample assemblage also contained specimens of the pink 
chromotype of G. ruber; for comparison and future study, these were also photographed and 
measured (Table A6; Table A7). 
All measurements were performed by a single researcher using ImageJ v. 1.48v software. 
We defined four parameters (hc = height of final chamber; wc = width of final chamber; ha = 
height of aperture; wa = width of aperture) based on landmark points recognizable in all 
specimens (Figure 2.2; Table A1; Figure A1). Compression (Cp), and asymmetry (Ay) of the 
final chamber, and compression of the final chamber’s primary aperture (AC) were then 
calculated. 
To morphometrically compare our photographed specimens with published images, some 
of which did not include scale bars, measurements were converted to ratios. Compression was 
defined as Cp = hc/wc (Figure 2.2), so the rounder chambers would yield Cp values approaching 
1.0. Aperture compression was likewise defined as AC = ha/wa. It should be again reiterated that 
‘compression’ does not denote physical deformation, but the final chamber’s dimensions relative 
to a perfectly spherical globular chamber (this was also the most common adjective used in 
previous literature; other terms included ‘sphericity,’ ‘oblateness,’ ‘flatness,’ ‘inflation,’ or 
‘roundness’).  
To numerically express asymmetry, a midpoint (Mp) was calculated along the width of 
the final chamber, defined as the intersection at which a line from the point of maximum 
curvature (landmark 3) intercepts the line of maximum width (landmarks 2–4) at a 90-degree 
angle (Figure 2.2). Asymmetry was then defined as Ay = the longer of the two axes/wc (see Table 
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A1; Figure A1 for further explanation). Strongly asymmetrical chambers would thus yield an Ay 
value closer to 1.0, while symmetrical chambers would yield Ay values closer to 0.5, as the 
distance from either edge to the midpoint (Mp) would be nearly equal. 
These measured values show the amount of morphological overlap between our two a 
priori visually-based groups. To establish the degree of separation and determine whether the 
two groups are significantly different, the data were tested for normality of distribution, and then 
a discriminant analysis and a Student’s t-test were performed.  
 
Replicability 
 A major motivation for defining such a simplified classification system was the 
assumption that it could be used consistently in future studies, thus minimizing bias from 
individual researchers. To test the replicability of this system, a “blind” identification test was 
created. After morphometric analysis, the Globigerinoides specimens were placed in random 
order into numbered slots on a picking tray, and viewed by five independent researchers who 
regularly work with foraminifera. The subjects were instructed to designate each specimen as 
either “A” (corresponding to G. ruber) or “B” (G. elongatus), based only on consideration of the 
compression and asymmetry of the final chamber, and compression of the final aperture.   
 
Results 
Historical Taxonomy 
 
 The measurements based on images in the umbilical form extracted from existing 
literature are illustrated in Figure 2.3. There is marked overlap, with Compression (Cp) ratios 
21 
 
ranging 0.50–0.94 for Globigerinoides ruber group, 0.48–0.76 for the G. elongatus group, and 
Asymmetry (Ay) values ranging 0.50–0.63 and 0.5–0.84 for each group, respectively (Table 2.2; 
Table A3; Table A4).  
 
Samples  
Of the white Globigerinoides specimens visually identified, 79 individuals were labeled 
as G. ruber, and 53 as G. elongatus (Figure 2.1; Figure 2.4a). Additionally, 21 individuals with 
one or more kummerform chambers (terminal chamber smaller than previous chambers in the 
final whorl; see Hecht and Savin 1972; Hecht 1974) were identified: 14 as G. ruber and 7 as G. 
elongatus. These specimens were excluded from morphometric analysis, because the 
kummerform chamber(s) obscured one or more of the necessary landmark points on the final 
fully-formed chamber or aperture.  
Compression (Cp) ratios on the measured specimens were 0.60–0.86 for those visually 
identified as G. ruber (mean 0.75), and 0.46–0.73 for those identified as G. elongatus (mean 
0.60; see Table 2.2; Figure 2.4a; Table A3; Table A4). Asymmetry (Ay) ratios were 0.50–0.61 
(mean 0.53) for G. ruber, and 0.55–0.76 (mean 0.61) for G. elongatus. Final aperture 
compression (AC) ratios were 0.47–1.86 (mean 1.0) for G. ruber and 0.47–1.40 (mean 0.96) for 
G. elongatus. The sample assemblage also contained 91 specimens of the pink chromotype of G. 
ruber (with an additional seven with kummerform chambers, unmeasured). The Cp (0.50–0.94), 
Ay (0.50–0.70) and AC (0.46–1.56) ratios for these pink specimens overlap the values of both G. 
elongatus and G. ruber (Table A6; Table A7) 
 Among the three variables examined, final chamber compression (Cp) and final chamber 
asymmetry (Ay) were the criteria that most effectively differentiated the two forms of 
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foraminifera. The final chambers of G. elongatus were generally both more compressed, and 
more asymmetrical. The wide range of values for final aperture compression (AC) resulted in the 
highest overlap among specimens, and was therefore the least useful for differentiation.  
Students t-tests of the G. ruber and G. elongatus measurements confirmed the graphical 
observations. Differences in compression (Cp) and asymmetry (Ay) values were highly 
significant (p<0.001), but not for aperture compression (AC; p= 0.108). A discriminant analysis 
between morphotypes using only chamber compression and asymmetry values (Cp, Ay) values 
shows 94% of specimens correctly assigned, based upon these two criteria alone (Table 2.2, 
Figure 2.5), indicating that the simple two-point distinction is both sound and largely consistent 
with previous type specimens. 
 
Replicability 
Of the specimens examined by the five observers in the “blind” identification test, 64% 
were identified with “full” (5 out of 5) consensus: 64 individuals as G. ruber and 20 as G. 
elongatus (Table 2.3). A further 20% (16 as G. ruber and 9 as G. elongatus) were identified with 
a “majority” (4 out of 5) consensus, while 16% were dubbed a “minority,” i.e., 3 out of 5 
consensus (Figure 2.4b). 
 
Discussion 
 
The distribution of G. ruber and G. elongatus individuals identified and measured in this 
study, were graphically compared with analogous specimens described in the literature (Figure 
2.6). Allowing for the wide range of identification criteria used since d’Orbigny (1826), and for 
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the potentially subjective artistic expression of scientific illustrations prior to use of cameras and 
scanning electron microscopes, our simple classification scheme generally distinguishes between 
G. ruber and G. elongatus specimens, largely in agreement with pre-existing systems. There is 
overlap toward the middle of the spectrum, but the species groups are clearly distinct, based on 
only two identification criteria. 
Images from studies that used the presence or absence of a diminutive kummerform 
chamber as a major defining criterion for Globerinoides species or morphotypes were excluded 
from this analysis. Morphologically, kummerforms occur in both in G. ruber and G. elongatus, as 
well as other foraminifera within and outside of the Globigerinoides genus, so they are not useful 
for purposes of identification. Analytically, kummerform chambers also impede morphometric 
measurements, since the diminutive chamber may obscure the characteristics of the final full 
chamber. Kummerforms may represent a response to environmental stress (stunted final 
chamber), or alternatively, a terminal ontogenic growth stage, or a supplementary chamber 
growth due to excess calcite. Thus, Berger (1969), Hecht and Savin (1972), Löwemark et al. 
(2005), and Numberger et al. (2009) recommend avoiding, or caution against, the use of 
individuals with kummerform chambers for both morphological and geochemical studies. We 
therefore recorded 21 individuals with diminutive chambers, but included them only in the 
census count and not in the morphometric analyses.  
Amongst the measurements of images from existing literature, two outliers in Figures 2.3; 
2.6 are particularly noticeable: An illustration of Globigerina (Gl.) rubra from the HMS 
Challenger foraminifera plates of Brady (1884, in: Jones 1994), and the Globigerinoides ruber 
sensu stricto specimens of Kawahata (2005), both lie well within the range of the G. elongatus 
cloud.  
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The Brady image (from Plate 81) depicts two Gl. rubra specimens, the larger with a small 
asymmetrical kummerform chamber 180° opposite a more rounded final chamber. This “twin” 
chamber is atypical, though not an impossible phenomenon. The final chamber itself is quite 
compressed, accounting for the overlap of this illustration with our G. elongatus group. 
Furthermore, a small supplementary aperture is illustrated on the final chamber to the right of the 
primary aperture; this feature is not typically visible when the foraminifer is viewed in perfect 
umbilical view. It may be an artistic exaggeration, added to demonstrate the presence of 
supplementary apertures in the species [a feature which Cushman (1927) later used to define 
Globigerinoides as a genus]. Or it may be that the illustration is accurate, and that the specimen 
is shown at a slightly tilted angle, in which case, our measurements may be exaggerated. The 
taxonomy of the Challenger foraminifera has undergone extensive revision, especially given that 
many illustrated specimens were not verbally described, and some were not even named (see 
Jones 1994). Figures 4 and 5 on Challenger Plate 81 were classified by Thalmann (1932) as 
Globigerina helicina, before being re-classified to Globigerinoides ruber by Saito et al. (1981), a 
designation which they continue to hold (Jones 1994). Unfortunately, the Challenger plates 
contain no example designated as Gl. elongata(-us), either at present or at time of illustration, so 
an historical comparison is impossible.  
For the outlier specimens from Kawahata (2005), the measurements are based on a plate 
of SEM images. Kawahata’s criteria for differentiating G. ruber sensu stricto and G. ruber sensu 
lato mirror those of Wang (2000), and his observed isotopic variations between morphotypes are 
also consistent with those of Wang. However, the images of G. ruber s.s. (see Kawahata 2005, 
fig. 1, sp. 1a, 2a) are visually rather different from Wang (2000), and appear to share similar 
characteristics to the Kawahata specimen labeled as G. ruber s.l. All three have moderate-to-high 
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lateral compression of the final chamber, and asymmetry (Ay) of the sensu stricto specimens is 
nearly equal to that of the sensu lato specimen.  
This overlap demonstrates that, even supposing a set of identification criteria has been 
agreed upon, interpretation of the observer remains a potential complication in distinguishing 
between highly similar species. To this end, the degree of agreement between the five subjects in 
the “blind” identification test is worth noting. The minority “non-consensus” specimens (the 
16% given the same identification by only 3 out of 5 subjects) all represent intermediates on the 
morphology spectrum, with only moderate compression (Cp), while the asymmetry (Ay) and 
final aperture compression (AC) values were all very similar (Ay = 0.52–0.58; AC = 0.97–1.0; 
see Figure 2.4b). Thus, final judgement appears to have been based the subjects’ opinions as to 
the degree of final chamber compression alone. One subject even said as much: if the final 
chamber wasn’t asymmetrical or “obviously compressed,” he “automatically called it ‘Group A’ 
(G. ruber) without thinking much more about it.” This is reflective of final chamber compression 
being the most commonly-invoked variable in published criteria for distinguishing 
Globigerinoides species (Table 2.1).  
Given the potential for overlap when identifying specimens with only moderate Cp and 
Ay, a reasonable recommendation would be to not use such specimens for isotopic or trace metal 
reconstruction, if the sample has enough specimens to allow selectivity.  Distinguishing species 
in the mid-range can be particularly problematic if the foraminifera exhibit morphological or 
chemical variation in different environments or geological time intervals, which the G. ruber 
plexus demonstrably does (see Parker 1962; Tolderlund and Be 1971; Hecht 1974; Kennett et al. 
1976; Wang 2000; Steinke et al. 2005; Numberger et al. 2009). 
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Conclusions 
 
We developed and tested a minimalist classification scheme to distinguish 
Globigerinoides ruber and Globigerinoides elongatus, based on final chamber compression and 
asymmetry, and final aperture compression. Morphometric analyses revealed that G. elongatus 
generally has both a flatter and more asymmetrical final chamber than G. ruber, but that the 
compression of the final aperture is not significantly different as to be reliable as an 
identification criterion. A blind identification test of randomly-numbered specimens by five 
colleagues revealed that the most uniformly agreed-upon identities of the two species were those 
with the most asymmetrical chambers, regardless of compression, while the least agreed-upon 
specimens had nearly perfect symmetry. This suggests that identification ultimately depended on 
a viewer’s perception of chamber compression. However, the simple two-point classification 
scheme allows for objective distinction of G. ruber and G. elongatus specimens in general 
agreement with most pre-existing classification systems. The simplicity also facilitates swift 
identification of G. ruber and G. elongatus alongside other foraminiferal taxa in a sample, 
particularly when picking specimens for geochemical or quantitative assemblage studies. With 
the replicability of our protocol established at a single sampling site, further testing on both 
broader spatial and temporal scales, using isotopic or trace metal analysis, is a logical next step.  
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Tables 
 
Table 2.1 (next page). Major literature sources describing the taxonomy of Globigerinoides 
ruber, Globigerinoides elongatus, and analogous forms (e.g., Gl. rubra, G. ruber sensu 
stricto/sensu lato, G. ruber platys, G. ruber elongate, etc.), from which were selected the most 
common criteria used to define the species. Studies exploring possible isotopic, environmental, 
or genetic differences between G. ruber and G. elongatus were also considered.  
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Table 2.2. Summary of statistics of measured variables for Globigerinoides ruber and 
Globigerinoides elongatus. 
 
 
Table 2.3. Summary of the “blind” identification test, based on 128 specimens placed into 
numbered slots (four of the original 132 specimens were broken on removal from the 
photographic tape following morphometric analysis). The five test subjects are designated A, B, 
C, D, and E.  
 
 
 
 
 
 
 
 
Type Total N Variable Mean Min Max Variance 
G. ruber 79 Cp 0.75 0.60 0.86 0.002 
G. ruber 
 
Ay 0.53 0.50 0.61 0.010 
G. ruber  AC 1.00 0.47 1.86 0.070 
G. elongatus 53 Cp 0.60 0.46 0.73 0.003 
G. elongatus 
 
Ay 0.65 0.55 0.76 0.012 
G. elongatus  AC 0.96 0.47 1.86 0.064 
Specimen Types 
Identified 
A B C D E 
      
G. elongatus 25 45 46 57 28 
G. ruber 103 83 82 71 100 
Total  128 128 128 128 128 
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Figures 
 
 
Figure 2.1. SEM images of example specimens identified as Globigerinoides ruber (a–d), and 
Globigerinoides elongatus (e–f) in the umbilical view used for morphometric analyses. 
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Figure 2.2 (above). Landmark points used for morphometric analyses. Final chamber 
compression was defined as Cp = ratio of height/width of the final chamber, while aperture 
compression was defined as AC = ratio of height/width of the aperture. To determine asymmetry 
(Ay), a midpoint (Mp) along the line of width (landmark 2–4) is one corner of a triangle, with the 
distance from landmarks 2–3 as its hypotenuse; calculate angle between lines (2–3), (2–4); 
assuming landmark 3 connects to the midpoint (Mp) normal to (2–4), solve for third angle; solve 
“AAS” triangle. Then, Ay = ratio of the longer of the two axes vs. the width of the final chamber.  
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Figure 2.3. Measurements of final chamber compression (Cp) and asymmetry (Ay) of specimens 
classified as Globigerinoides ruber, G. elongatus, or analogous names, taken from existing 
literature defining taxonomy, or exploring morphological, geochemical, genetic, or geographic 
differences between them. Some landmark studies did not include images of their samples in the 
umbilical view and could not be measured. 
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Figure 2.4. Measurements of final chamber compression (Cp) and asymmetry (Ay) of a) sample 
specimens classified as Globigerinoides ruber (yellow) or Globigerinoides elongatus (blue) in 
this study. b) Same image, showing the specimens not identified with a full (5/5) or majority 
(4/5) consensus during the blind I.D. test by five subjects. 
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Figure 2.5. Discriminant analysis showing the overlap of G. ruber (gray) and G. elongatus 
(black) specimens. P-value (Wilkes λ) <0.001; correct classification = 94%. 
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Figure 2.6. Relationships between final chamber compression (Cp) and asymmetry (Ay) of 
specimens classified as Globigerinoides ruber (filled) or G. elongatus (hollow) in this study, 
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superimposed on measurements of images taken from analogous studies with images in 
umbilical view. 
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Chapter 3. 
Variability in coretop and downcore geochemical (δ18O) values of Globigerinoides 
ruber and Globigerinoides elongatus from the Gulf of Mexico and Caribbean Sea 
 
Abstract  
 
The stable isotopic ratios of foraminiferal calcite are a standard tool for reconstructing 
past oceanic environments. δ18O reflects a combination of ambient seawater temperature, 
salinity, and, during glacial periods, inferred ice volume. We present a comparison of δ18O 
measurements on the foraminifera Globigerinoides ruber and Globigerinoides elongatus 
specimens in coretop and downcore sediment in the Caribbean and Gulf of Mexico. First 
described as Globigerina rubra by d’Orbigny (1839), G. ruber is a planktonic foraminifer 
representative of the upper mixed layer of sub-tropic to tropic oceans, often used for 
oceanographic reconstructions. A more asymmetrical, compact Globigerina specimen, similar, 
though not identical to G. rubra, sketched in 1826 was labelled G. elongata. Multiple taxonomic 
revisions resulted in the merging of the two species, and the inclusion of a number of transitional 
morphologies, the implications of which have now come under scrutiny. In fact, the so-called 
“morphotypes” of G. ruber have been shown, in some cases, to incorporate isotopes and trace 
element ratios (δ18O, δ13C, Mg/Ca) dissimilarly. The amplitude of geochemical offset, however, 
is not consistent, raising the questions of whether separating the species for paleontological 
reconstructions is necessary. Recent studies in the Gulf of Mexico in particular have yielded 
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apparently conflicting results. We analyze specimens from a broad geographical swath across the 
basin, and downcore as far as the end of the Last Glacial Maximum (LGM). Our results show a 
minimal Δ18Oruber-elongatus in recent (coretop), increasing to a significant offset at the end-LGM, 
implying that the variable intra-basinal amplitude in offset fluctuates with the parameters of the 
environment affecting the isotope ratios. Morphology-specific isotope analysis for future 
paleoceanographic reconstructions is therefore recommended.  
 
Introduction 
The geochemistry of fossil foraminifera is a vital tool for the reconstruction of past ocean 
and ocean-climate systems. Changes in shell chemistry (e.g., stable isotopes, Mg/Ca ratios) are 
used as proxies to extrapolate changes in environmental parameters (e.g., water temperature, ice 
volume, primary productivity, salinity, or pH), based on modern studies that evaluate the 
relationship between the same parameters in the modern seas and foraminiferal chemistry, 
assemblages, growth patterns, or distribution. Changes in the isotopic value between samples of 
the same species should, in theory, represent changes in the environment between geologic times 
in a downcore sample, or between locations in a geographic sample. This, however, assumes that 
the foraminifer’s taxonomy is accurate, and the species’ ecology, ontogeny, and primary habitats 
are properly understood.  
The planktonic foraminifera Globigerinoides ruber (white and pink) and Globigerinoides 
elongatus are widely-used paleo-oceanographic proxy species for surface-ocean studies in the 
mid-to-low latitudes during the Neogene. The white G. ruber chromotype is a particularly 
common proxy, frequently termed cosmopolitan to all major and marginal ocean basins in the 
low latitudes. The G. ruber plexus is, however, currently understood to be a large umbrella term 
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for several genetically and geochemically distinct species. Since their designation by Alcide 
d’Orbigny (1839), G. ruber and G. elongatus (née Globigerina rubra; elongata) underwent 
repeated taxonomic revisions (see Chapter 2) before being combined into a single species, and 
the type species of the Globigerinoides genus, by Joseph Cushman (1927). The wide variety of 
shapes within the species was addressed by Parker (1962), who sub-divided G. ruber into three 
groups based on relative chamber inflation, wall thickness, trochospire height, and aperture size. 
However, very few paleo-reconstruction studies appear to have separated them in census counts 
or isotopic analysis until recently. 
Now known to represent genetically and geochemically distinct species with preferred 
but overlapping habitats, G. ruber and G. elongatus are still often merged, or treated as 
morphotypes. One reason for this may be a lack of agreement about the amount of overlap 
between habitats, and consequently isotopic values, and whether separating the two is necessary 
(e.g., Sadakov et al. 2008, Thurimalai et al. 2014). Another may be the lack of consistent criteria 
to visually distinguish them. Most current studies evaluating geochemical or environmental 
offsets between the species use some form of identification system reminiscent of d’Orbigny’s 
(1839) criteria, including three spherical to sub-spherical chambers in the final whorl, basing 
their division on some measure of chamber inflation, sphericity or (as)symmetry, supplemented 
by other considerations, such as wall thickness, trochospire height, aperture shape, or surface 
texture.  
Chapter 2 evaluated over thirty taxonomic classification systems for G. ruber and G. 
elongatus, experimenting with how effectively the species could be separated with the minimal 
criteria most commonly cited as distinguishing features: final chamber asymmetry, final chamber 
compression, and final aperture compression. Having demonstrated this was possible on a 
49 
 
surface sample from a single location, the next step was to test whether this minimal-criteria 
system can be used to quickly and effectively separate G. ruber from G. elongatus specimens 
over a broad geographical and temporal range, and how the geochemical values change.  
Numerous studies of G. ruber and G. elongatus variability, whether treated as species, 
morphotypes, or other groups, have been done in particular in the South China Sea and the 
Mediterranean Sea (e.g., Wang 2000; Steinke et al. 2005; Lowemark et al. 2005; Sadekov et al. 
2008; Numberger et al. 2009; Auhrahs et al. 2009; 2011; Kontakiotis et al. 2014). Marginal seas 
less thoroughly examined in this regard are the Gulf of Mexico (GOM) and Caribbean Sea. The 
few studies of the G. ruber plexus set in Gulf of Mexico provide conflicting stories. Thirumalai 
et al. (2014) reported that the two species (therein treated as morphotypes) did not exhibit 
significant isotopic (δ18O, δ13C) offset in recent-to-modern GOM waters, based on specimens 
from a sediment trap and core-top, as well as Late Holocene down-core samples from Pygmy 
Basin in the northern GOM; they concluded that separating G. ruber from G. elongatus (therein 
G. ruber sensu stricto/sensu lato) for the purpose of geochemical reconstruction was 
unnecessary. Antonarakou et al. (2015), however, reported in another downcore study from in 
the northern GOM, south of Texas, that the species’ (therein also morphotypes’) values for δ18O, 
δ13C, Mg/Ca and Ba/Ca were significantly offset throughout most of their 21-kyr record, with 
offset becoming minimal only in recent samples.  
These contradictory results illustrate the need for further examination of the G. ruber 
plexus in the GOM, both geographically and temporally. Here, we present the first quantitative 
assessment of spatial abundance patterns of G. ruber and G. elongatus (coretop and downcore) 
within the larger assemblage patterns of planktonic foraminifera in the Caribbean and Gulf of 
Mexico. 
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Materials and Methods 
Regional Setting 
 
The Gulf of Mexico (GOM) and Caribbean Sea are adjacent, semi-enclosed, marginal 
basins in the northwestern tropical Atlantic Ocean, which, together, form a large component of 
the tropical Western Hemisphere warm pool (WHWP). Tropical Atlantic surface water enters the 
Caribbean basin between the islands of the Greater and Lesser Antilles (Kinder et al. 1985). 
Deeper channels (e.g., the Windward, St. Vincent, Anegada and Jungfern Passages) also admit 
Subantarctic Mode Water (SAMW) and Antarctic Intermediate Waters (AAIW), high-salinity 
(>37) Subtropical Underwater (SUW) from the Sargasso Sea, and North Atlantic Deep Water 
(Wüst 1964; Gordon 1967; Stalcup and Metcalf 1973; Roemmich 1981). Influx of freshwater 
from the Orinoco and Amazon Rivers create an upper mixed layer of Caribbean Water (CW) of 
lower sea-surface salinity (SSS: 34–36.5) compared to the tropical Atlantic, particularly during 
the boreal summer, when fluvial discharge is maximal. Most outflow from the Amazon River is 
diverted eastward by the North Brazil Current into the North Equatorial Countercurrent during 
the autumn and winter, and north toward the Caribbean during the spring (Müller-Karger et al. 
1988), while Orinoco River water becomes entrained in the Guiana Current and propagates into 
the Caribbean as far north as Puerto Rico (e.g., Müller-Karger et al. 1989; Bidigare et al. 1993; 
Bonilla et al. 1993).  
Circulation within the Caribbean is dominated by the Caribbean Current, carrying warm 
surface water northwest to the Yucatan Strait, where it enters the GOM and, eventually, exits 
eastward through the Florida Straits to form the Gulf Stream (Sturges and Evans 1983; Kinder et 
al. 1985).  Surface water circulation in the WHWP experiences marked seasonal variation with 
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the meridional migration of the Intertropical Convergence Zone (ITCZ). During the boreal 
summer, the ITCZ moves north of the equator with increasing solar insolation, leading to peak 
precipitation and fluvial discharge in the southern Caribbean. The warm Loop Current reaches 
the northern Gulf of Mexico, increasing SST (≥28°C), and contributing moisture to the southern 
United States, before curving south again in a clockwise manner, feeding into the Gulf Stream. 
The ITCZ reaches its southernmost position near the equator during the boreal winter, bringing 
rain to the Amazon basin, and dry conditions to the southern Caribbean, with strong easterly 
coastal winds and upwelling, maximum salinity and minimum SST. Meanwhile the Loop 
Current weakens and most Caribbean Water passes directly into the Florida Strait without 
mixing in the GOM (e.g., Müller-Karger et al. 1988, Poore et al. 2004; Tedesco et al. 2007; 
Schmidt and Spero 2011).  
 
Coretop Samples 
The objectives of this study are to examine the geographic and temporal distribution of 
Globigerinoides ruber and G. elongatus, and to compare their geochemical values. To achieve 
this, sample material was obtained from several sources, including residual material from 
previous studies incorporating stable isotopic analyses of Globigerinoides calcite tests. To 
examine the biogeographic distribution of G. ruber and G. elongatus, and their chemistry, 
specimens of both species were sampled from the surface interval of 20 multi-corer sediment 
stations taken on FS Meteor cruise 35/1 (1996), in a south-north transect along the Lesser 
Antilles from the Tobago Basin to Puerto Rico, and an east-west transect from the Anegada 
Passage to Pedro Bank, south of Jamaica (hereafter ‘M35/1,’ see Hemleben et al. 1998).  
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Four additional samples were obtained from four FS Meteor Cruise 78/1 stations in the 
Gulf of Mexico (hereafter ‘M78/1,’ see Schönfeld et al. 2011). All sample locations except one 
lie above the calcite lysocline for the Western Atlantic, with depths ranging 698 m to 2889 m 
(M35/1 station 422 was from 3815 m water depth), so the effect of calcite dissolution upon the 
samples should be minimal.  
Collectively, these stations form a broad NW–SE swath from the Mississippi Profile in 
the northern Gulf of Mexico to Grenada (Table 3.1; Table 3.2; Figure 3.1a).  
 
Downcore Samples 
One set of downcore samples was obtained from reserve material of Kiel-type gravity 
core GeoB 3938-1(B) taken during FS Meteor cruise 34/4 in the Caribbean, west of Barbados 
(12°15'29.9” N, 58° 19'47.9” W; 1972 m water depth; core 6.49 m length; see Wefer et al. 1997, 
Govin et al. 2014). Globigerinoides ruber and G. elongatus were sampled every five centimeters 
from the 3-cm interval (coretop) to the 108-cm interval, corresponding to an age range of ca. 3.5 
ka–33.8 ka (see Govin et al. 2014). This southern downcore site encompassed both the last 
glacial and deglacial periods, when the δ18O in surface plankton were changing in step with 
changes in ice volume and salinity (e.g., Lea et al. 2000; Flower et al 2004; Hill et al. 2006; 
Williams et al. 2010).  
 For a counterpart downcore sample at the northern end of the study area, G. ruber and G. 
elongatus were also sampled from the reserve material of Calypso square gravity core MD02-
2550 (25 cm2, 9.08 m length) from Orca Basin by the R/V Marion Dufresne on IMAGES cruise 
VIII in 2002 (26˚56.77” N, 91˚20.74” W; 2248 m water depth). Based on material left available 
from previous projects (e.g., Flower et al. 2008; Williams et al. 2010; Brown 2011), specimens 
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in this core were sampled every 3 cm between 622 cm to the base of the core at 908 cm. This 
interval corresponds to a shorter time interval (ca. 18.36–23.88 ka; Last Glacial Maximum to 
early deglacial), but at higher resolution, while still falling within the time encompassed by 
GeoB 3938-1. Towards the bottom of the core, material had been heavily sub-sampled for 
replicates, and several intervals had insufficient material for isotopic analysis.  
 
Sample Preparation and Isotopic Analysis 
The M35/1 samples were washed over a 63-µm mesh; residue was flushed onto filter 
paper and dried in an oven at 40°C. Surface samples from M78/1 and downcore samples of 
GeoB-3938-1 and MD02-2550, which represented the residuals from previous projects, were 
already washed. All samples were then dry-sieved to obtain the >150-µm size fraction, and split 
with a microsplitter to obtain a random assemblage of roughly 300 specimens of planktonic 
foraminifera (Tables A8 – A12).  
All planktonic foraminifera in the assemblage were identified and counted under a 
binocular microscope. Finally, all specimens of G. ruber and G. elongatus were picked out, and 
dry-sieved again to obtain the 250–350 µm size fraction typically used for low-latitude paleo-
oceanographic reconstructions based on δ18O (e.g., Lea et al. 2000, Flower et al. 2004). Stable 
isotopes were measured on a Finnigan MAT 251 gas isotope ratio mass spectrometer coupled to 
a Kiel III automated carbonate preparation device operated at the University of Bremen, 
Germany, and a standard Student’s t-test was run on the results to establish statistical 
significance.   
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Results 
Coretop Samples 
 
Planktonic foraminiferal assemblage counts were taken from surface sediment at 27 
multicore stations, collectively forming a broad NW– SE traverse from the northern Gulf of 
Mexico to Grenada. The ratio of Globigerinoides ruber to G. elongatus (Table 3.1; Table 3.2; 
Figure 3.1a) showed that the relative abundance of G. ruber increased in a southerly gradient, 
with the highest relative concentrations found in the tropics, while G. elongatus dominated in the 
northern Gulf of Mexico (GOM).  
Coretop δ18O (VPDB) values ranged from -2.5 to -0.6‰ (avg. -1.9‰) for G. ruber, and 
from -2.4 to -0.4‰ (avg. -1.9‰) for G. elongatus (Table 3.2; Figure 3.1b; Tables A8 – A12). 
The δ18O values for both species became progressively lighter towards the lower latitudes, and 
largely in step with each other: G. ruber δ18O values were slightly but consistently more depleted 
than their G. elongatus counterparts (offsets of 0.1 – 0.5‰), with a standard deviation of ~0.2‰. 
The δ13C values had a more variable range of offsets between the two morphotypes, ranging 
0.1‰–1.0‰. 
 
Downcore Samples 
The abundance ratio of G. ruber to G. elongatus was also noted in downcore samples 
from M34/4 gravity core GeoB 3938-1 (Barbados). Relative abundance of G. elongatus was 
higher throughout most of the glacial period compared to modern coretop samples, reaching peak 
abundance around the onset of the Last Glacial Maximum. The abundance ratio of the two types 
was also largely in step with the total percentage of Globigerinoides (white) in the samples’ 
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species assemblage generally. The percentage of G. ruber (pink) was lower (10% or less) in 
glacial samples, and peaked in the recent-to-coretop material (Table A14).  
Determining G. ruber type abundance was not possible in the northern GOM, since the 
specimens were taken from samples used before in previous studies, and didn’t represent a full 
assemblage.  
The δ18O values for G. ruber and G. elongatus in the Barbados core both became 
progressively lighter through the deglacial, towards the present (Figure 3.2a; Table A14). The 
δ18O offset between the two types was, however, negligible (generally Δ18Oruber-elongatus <0.4‰ 
VPDB), falling within each other’s margins of error, and a Students t-test confirmed no 
significance.  
In contrast, downcore G. elongatus samples from Orca Basin (GOM) exhibited 
consistently heavier values (range -0.1 to +1.4‰; Mean 0.6‰) than G. ruber (range -1.3 to 
0.7‰; Mean -0.6‰), throughout the Last Glacial Maximum and into the deglacial (Figure 3.2b; 
Table A15), with an offset averaging ~1.2‰ throughout.  
 
Discussion 
 
Despite the minimal offset in Δ18O for G. ruber vs. G. elongatus from the individual 
Caribbean surface samples reported here, the δ18O values along the basin-wide northwest-
southeast transect are comparable to those in similar surface-to-recent studies from tropical to 
subtropical settings (see Figure 3.3). The northern GOM δ18O coretop values in this study are 
within the range of the Late Holocene GOM samples described by Antonarakou et al. (2015), 
while the Caribbean coretop samples (~11–16º N) overlap coretop and recent morphotype-
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specific data of both Wang (2000) and Löwemark et al. (2005), from the same latitudes (~10–20º 
N) in the South China Sea. Most of the surface samples of Steinke et al. (2005), also from the 
South China Sea basin, were collected from sites farther south (<10º N) than the rest discussed 
here, and have the lightest δ18O values; only two samples taken between 12 and 13º lie within the 
isotope cloud formed by Wang (2000), Löwemark et al. (2005) and the present study.  
The shift in species/morphology-specific isotope values across a swath of latitudes 
(Figure 3.3) reflect early studies predating recent increased interest in the geochemistry and 
morphology of the Globigerinoides plexus, arguably triggered by Wang (2000). Parker (1962) 
sub-divided Globigerinoides ruber from the Pacific into three groups, based on chamber 
inflation, length-to-width ratio, aperture size, wall thickness, and geographical distribution; each 
of the three groups was described as occupying a particular range between 15º S and 30º S, with 
different physical characteristics for each  group. Orr (1969) and Hecht (1974), also reported 
patterns in the distribution of Atlantic G. ruber based on size, shape, and thickness; Hecht even 
suggested that the relationship between G. ruber morphology and environment was complex 
enough to hamper or prevent accurate paleontological reconstructions. Parker (1962) is also, 
interestingly, the only publication describing G. ruber-type distribution in the Southern 
Hemisphere; all recent Globigerinoides-type-specific geochemistry or biogeography studies took 
place in the north-to-central Atlantic and Pacific, and their marginal seas. An expanded database 
of surface and downcore material from the subtropics south of the Equator could be beneficial in 
future.  
Unlike Parker (1962), Orr (1969), or Hecht (1974), though, Wang’s (2000) landmark 
geochemical study of G. ruber and G. elongatus (therein the morphotypes G. ruber sensu stricto 
and G. ruber sensu lato) linked the morphological distribution, and their differing isotopic 
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signals, to habitat depth: Wang (2000) postulated that the heavier δ18O values of G. elongatus 
(therein G. ruber sensu lato) reflected its deeper (50 m) habitat, separating it from G. ruber 
(sensu stricto) in the upper 30 m, a hypothetical scenario illustrated in Figure 3.4a. This habitat 
isolation concept was also used to explain the isotopic variability observed in Wang’s downcore 
sediments; diminished Δ18Oruber-elongatus offsets during the LGM were attributed to strengthened 
monsoonal conditions, which increased mixing of the upper layer of the water column, causing 
the habitats (or environmental conditions reflected in the isotope signals) of the two 
Globigerinoides morphotypes to overlap (see illustrations in Figure 3.4b; 3.4c). Studies since 
Wang (2000) have corroborated or elaborated upon the depth distributions of Globigerinoides 
(white) types, at least in the Pacific (e.g., Kawahata 2005; Kuroyanagi et al. 2008). 
 By contrast, within the Caribbean basin, only three of the coretop samples in this study 
showed a Δ18Oruber-elongatus of any statistical significance: two coretops sampled in the Anegada-
Jungfern Pass, southeast of Puerto Rico, and a single site on the basinward side of Guadeloupe 
(Figure 3.1b). One of the major points of access through which Atlantic waters infiltrate the 
northeastern Caribbean, the Anegada-Jungfern Pass is deep enough to admit at least five 
distinctly-stratified water masses: the Caribbean Subtropical Underwater (SUW), Atlantic 
Intermediate Water (AIW), North Atlantic Deep Water (NADW), and Antarctic Intermediate 
Water (AAIW), all capped by the shallow (≤50 m) Caribbean Surface Water (CSW; Wüst 1964; 
Stalcup et al. 1975). The CSW is, overall, a warm, well-mixed layer, which is consistent with the 
general lack of Δ18Oruber-elongatus in most of the other Caribbean samples (see the “mixed” scenario 
in Figure 3.4c). It is worth noting that, in the higher-offset samples, the δ18O value of G. ruber 
remained roughly the same as the surrounding Caribbean sites to the west and south; the 
morphospecies responsible for the increased offset was always a heavier δ18O value in G. 
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elongatus, which, in the South China and Pacific Seas, is the deeper-dwelling species (Wang 
2000; Kawahata 2005; Kuroyanagi et al. 2008). Given the isotopic homogeneity of the 
surrounding samples to the west and south, though, there was no apparent evidence for local 
differences in the water column that would affect only three samples.  
Salinity can also affect a foraminifer’s δ18O value, but local salinity differences (e.g., 
local freshwater input) in this case is not a likely explanation; the Río Guayanés discharges from 
Puerto Rico ~40 km northwest of the two sites in Aneganda-Jungfern Pass, but the flow of the 
CSW should carry any freshwater from Puerto Rico counterclockwise, away from the affected 
sites.  
The Δ18O could be attributed to seasonal influences (e.g., the three outlier coretops could 
have contained particularly winter-heavy assemblages), although a defining feature of Caribbean 
hydrology is its seasonal consistency. The year-round sunshine, constant input from Atlantic 
water masses, and relatively consistent trade winds all result in minimal seasonal variation (Wüst 
1964; Jury 2011). However, the depth of the thermocline in the northeastern Caribbean proximal 
to Anegada-Jungfern Pass, and to the sample sites presented here, does shallow on a seasonal 
basis, from ~100 m in spring to ~25 m in autumn (e.g., Jury 2011; Fischel et al. 2017). Indeed, 
Fischel et al. (2017) suggested that, in Holocene-age cores, Caribbean SST variation based on 
planktonic foraminifera is entirely related to strengthening or weakening of upper water mixing 
due to seasonal trade wind activity, linked to the position of the inter-tropical convergence zone 
(ITCZ). This is reflective of Wang’s (2000) relating shifts in G. ruber isotopic signals to 
monsoon strength. It is possible that the three isotopically higher-offset samples reflect a 
localized seasonal effect, but live-trap or sediment trap studies would be needed to verify this. 
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Further study to de-couple the temperature effect from δ18O (e.g., Mg/Ca analysis), and explain 
why only three sites were affected, would also be worth pursuing.  
 The range of surface δ18O values for G. ruber and G. elongatus from the sample sites in 
the Gulf of Mexico (-2.5 to -0.6‰ and -2.4 to -0.4‰, respectively; see Table 3.2; Table A9) are 
somewhat lighter than most of the Late Holocene GOM values reported by Antonarakou et al. 
2015 (see Figure 4). Both Antonarakou et al. (2015) and the present study support the inference 
of Thirumalai et al. (2014) that isotopic differences between the Globigerinoides morphologies 
are minimal in the Late Holocene-to-recent GOM waters, although the offsets in the GOM 
samples from the present study are 0.1–0.2‰ greater than those reported by Thirumalai et al. 
(2014). Where both Antonarakou et al. (2015) and the present study differ from Thirumalai et al. 
(2014) is in the downcore findings.  
 Much like the coretop isotope values, the δ18O offset between G. ruber and G. elongatus 
in the Caribbean core from Barbados was minimal throughout the last deglacial, as well as the 
recent samples (as shown in Figure 3a). Both species’ δ18O values become progressively lighter 
toward the present, in a very similar trend to the morphospecies-specific deglacial signals 
analyzed by Antonarakou et al. (2015) in the GOM, and Fischel et al. (2017) in the Caribbean. 
The fact that the isotopic offset between the species did not change during the deglacial suggests 
they were equally affected by the parameters behind the increased δ18O values.  
 The δ18O in planktonic foraminifera is affected by a combination of sea surface 
temperature (SST), salinity, and glacial ice volume. If the SST of Caribbean surface waters were 
affecting G. ruber and G. elongatus equally, it would support the concept of well-mixed waters 
and a habitat overlap (Figure 3.4c). However, as noted in the previous section, a prominent 
feature of much of the Caribbean is its minimal seasonal and inter-annual variations in surface 
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waters, reflected in both planktonic foraminiferal assemblages and geochemistry. During the 
most recent glacial-interglacial cycle, although sea level changed considerably (Fairbanks 1989; 
Bard et al. 1990), Caribbean SST did not change as much as Gulf of Mexico SST. Estimates for 
the Caribbean range 1.5–3°C (Schmidt et al. 2001; Nurnberg et al. 2004; Barker et al. 2005), 
while reconstructions in the Gulf of Mexico range 2–4°C (Flower et al. 2004; Hill et al. 2006). If 
the Caribbean SST signal changed little during the LGM, this lightened δ18O probably reflects 
the reintroduction of 16O-rich waters previously locked up in the ice sheets. The downcore δ18O 
value from the northern Gulf of Mexico are markedly heavier than the Caribbena samples (see 
Table 3.2; Figure 3.2), probably reflecting a greater influence of colder waters, given their more 
northerly location and closer proximity to seasonal glacial runoff. 
Colder glacial waters with a higher relative ratio of heavy oxygen would naturally result 
in a heavier δ18O for both Globigerinoides morphotypes, but that alone would not explain the 
increased offset in the MD02-2550 core. The glacial δ18O of G. elongatus in particular is 
markedly heavier (range -0.1 to 1.4‰; Mean 0.6‰) than in the modern samples (range -0.6‰ to   
-1.3‰; Mean -0.7‰; see Table 3.2), suggesting habitat depth may also have contributed to the 
change in δ18O (Figure 3.4a). Plankton and sediment-based studies in the GOM (e.g., Flower et 
al. 2004; LoDico et al. 2006; Numberger et al. 2008; Richey et al. 2012; Tripsanas et al. 2007, 
2013) have previously postulated that elevated seasonal discharge of the Laurentide Ice Sheet via 
the Mississippi River, particularly during summer months, could lead to the presence of a 
freshwater lens in northern GOM waters, diluting sea surface salinity (SSS), and creating a more 
stratified water column with a strong seasonal halocline. Globigerinoides ruber tolerates a wide 
range of salinities (Be and Tolderlund 1971), but generally flourishes, in laboratory culture, at a 
~35 salinity optima (Bijma et al. 1990). Modern GOM SSS typically ranges 32.6–35.6‰ on a 
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seasonal basis (Fairbanks et al. 1992; Levitus and Boyer 1994). Freshwater lenses in the modern 
Caribbean are also characterized by increased surface turbidity and, correspondingly, lower light 
penetration. Although G. ruber is an algal symbiont-bearing species dependent on 
photosynthesis, it feeds on zooplankton prey as well (a standard procedure for laboratory culture 
is feeding specimens brine shrimp nauplii; e.g., Bijma et al. 1990; Spero et al 1999). As 
mentioned above, G. ruber (sensu stricto) in modern oceans is confined to a narrower range in 
the water column in both the Atlantic and Pacific, typically observed in the upper 25–30 m 
(Wang et al. 2000; Lowemark et al. 2005; Kuroyanagi et al. 2008; Thirumalai et al. 2014), while 
G. elongatus (G. ruber sensu lato) can be found down to 50 m, suggesting that G. ruber is the 
more dependent on sunlight and near-surface conditions, or that G. elongatus is the more 
adaptable to deeper conditions. With the dilution of surface waters to a potentially fresher, lower-
density, higher-turbidity states, G. elongatus may have dominated a consistently deeper depth 
under more stratified environmental parameters (Figure 3.4a) during the glacial period, 
accounting for its shift to heavier δ18O values, and a higher Δ18Oruber-elongatus offset.  
The data analyzed from Orca Basin Core MD02-2550 in this study was, unfortunately, 
residual from previous projects (Williams et al. 2010; Brown 2011), and could not be carried all 
the way through the deglacial to the Holocene. However, for the ~18 – 23 ka timeframe, our data 
support the observation of Antonarakou et al. (2015), that Δ18Oruber-elongatus was much more 
pronounced during the last glacial interval than in modern samples, begging the question of what 
a G. ruber isotope record would look like, if the species were not separated. 
The previous use of core MD02-2550’s material, in fact, allows for just such a 
comparison: Williams et al. (2010) and Brown (2011) both used Globigerinoides ruber 
geochemistry as a sea-surface temperature proxy, but neither study sub-divided by morphotype 
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or species. As a result, a high-resolution “mixed” G. ruber record from core MD02-2550 can be 
compared over the interval from which the current data were generated. As shown in Figure 3.5, 
the “mixed” G. ruber record (taken from Brown 2011) follows the general trends of the split G. 
ruber – G. elongatus record. But while it does at several points overlap the G. ruber values 
(mean -0.6‰), the “mixed” values are largely weighted towards the G. elongatus-specific line 
(“Mixed” record mean ~0.2‰; G. elongatus ~0.6‰).  
The fact that the sample material had already been picked for Globigerinoides 
foraminifera twice before, and that the two previous studies (Williams et al. 2010; Brown 2011) 
did not divide the species, prevents any meaningful measure of the G. ruber to G. elongatus ratio 
in the Orca Basin core. But the “mixed” signal’s consistent overlap with the G. elongatus signal 
suggests that G. elongatus was likely the dominant species during the late glacial period, and 
probably contributed more prominently to the “mixed” Globigerinoides isotope signal.  
It should be noted that, as the current study was not planned at the time, the “mixed” 
isotope data from Brown (2011) was generated on a different instrument (a ThermoFinnigan 
DeltaPlus XL stable isotope ratio mass spectrometer, coupled to a Kiel-III automated carbonate 
preparation device, at the University of South Florida) than the current data, which were 
generated on Finnigan MAT 251 gas isotope ratio mass spectrometer with Kiel-III automated 
carbonate preparation device, at the University of Bremen. There is, therefore, the potential for 
differences in operator, in-house methodology, and range of standard deviations based on 
measuring blank standards throughout the sequence, all to affect the comparability of the two 
sets of data (regarding standard deviation, the current data generated in Bremen averaged 
~0.03‰ for δ13C and ~0.04 for δ18O; std.dev for the “mixed” record data were ~0.05‰ and 
~0.07‰, respectively). 
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However, even without a quantifiable species ratio, and allowing for comparability 
considerations, Figure 3.5 clearly illustrates the potential for a “mixed” G. ruber record to be 
biased toward a heavier or lighter signal, if the habitats are distinct and water properties are 
strongly stratified (e.g., a scenario like Figure 3.4a). This would support the recommendation of 
separating the species G. ruber from G. elongatus for isotopic analysis, particularly in downcore 
samples were the environmental parameters are not yet fully understood. Such a practice would 
be no detriment to scenarios wherein the habitats overlap or conditions are not stratified, as the 
two signals would simply be highly similar or identical, like a set of replicates (such as in the 
downcore GeoB-3831 material from Barbados; Figure 3.2a; Figure 3.4). And in the case of a 
distinctive isotopic offset (such as the Orca Basin core from the Gulf of Mexico; Figure 3.2b; 
Figure 3.6), the values of the two species would not only be more accurate, but provide 
information about stratification in the water column.  
 
Conclusions 
 
Coretop δ18O values for G. ruber and G. elongatus were examined for geographical 
isotopic offsets, in a NW–SE swath across the Gulf of Mexico (GOM) and Caribbean; downcore 
samples were also measured in the northern GOM and southern Caribbean. Globigerinoides 
ruber increased in relative abundance from north to south, supporting the concept of G. ruber as 
the warm-water-dominant form of Globigerinoides (white) types, as reflected in its shallower 
habitat than G. elongtatus (e.g., Wang 2000). The Δ18Oruber-elongatus in the coretop samples 
generally decreases in a southwesterly gradient, with an offset of ~0.3‰ in the northern GOM 
diminishing to near 0.0‰ in the southern Caribbean. Outliers included two samples from the 
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Anegada-Jungfern Pass, and a third from west of Guadaloupe. These samples displayed isotopic 
offsets of <0.4‰.  
 The minimal Globigerinoides morphology-specific offset in coretop δ18O corroborates 
the findings of Thirumalai et al. (2014), and suggests that G. ruber and G. elongatus occupied 
similar niches in the water column, or that the conditions (e.g., temperature, salinity, etc.) of the 
warm, well-mixed Caribbean surface water are evenly distributed through the preferred habitat 
depth of both species. Trace metal analysis (Mg/Ca, Ba/Ca) to isolate temperature and salinity 
influences in future would be useful. 
 Downcore morphology-specific δ18O (LGM–present) signals of both species track the 
deglacial warming pattern in the Caribbean, but the minimal isotopic offset observed in modern 
samples continues throughout. In the northern GOM, Δ18Oruber-elongatus increases to nearly 1.2‰ 
in the early deglacial and late glacial period, corroborating the observations of Antonarakou et al. 
(2015). These findings support the concept of a low-density freshwater lens in the northern 
GOM, formed from glacial discharge from the Mississippi River watershed, as previously 
suggested by Flower et al. (2004), LoDico et al. (2006), Nurnberg et al. (2008), Richey et al. 
(2012), Tripsanas et al. (2007, 2013), and others. These finds also suggest a more stratified 
distribution of the foraminifera (G. elongatus occupying a deeper niche habitat than G. ruber), or 
the environmental parameters affecting their isotopic ratios, in the form of a shallower, possibly 
seasonal thermocline or halocline.  
As with the surface samples, trace metal analysis to isolate temperature and salinity 
influences, preferably at higher resolution, on a broader spatial or temporal scale, should be 
made in future studies. The variable spatial and temporal distribution of G. ruber geochemistry 
may be of potential significance for palaeoceanographic studies.  
65 
 
Acknowledgments 
 
Funding for this project was provided by the Fulbright Program, the Germanistic Society 
of America, the Research Placement for Guest PhD Students fund at the Center for Marine 
Environmental Sciences (MARUM), Universität Bremen, the Johanna M. Resig Fellowship, and 
by the College of Marine Science at the University of South Florida. I gratefully acknowledge 
Dr. Henning Kuhnert for the isotope data, the technical assistance of Ms. Birgit Lübben, and the 
late Dr. Benjamin P. Flower for his insight on the Gulf of Mexico material. 
 
References 
 
Anand, P., Elderfield, H., and Conte, M.H., 2003, Calibration of Mg/Ca thermometry in 
planktonic foraminifera from a sediment trap time series: Paleoceanography, v. 18, 
doi:10.1029/2002PA000846. 
Antonarakou, A., Kontakiotis, G., Mortyn, P.G., Drinia, H., Sprovieri, M., Besiou, E. and 
Tripsanas, E., 2015, Biotic and geochemical (δ18O, δ13C, Mg/Ca, Ba/Ca) responses of 
Globigerinoides ruber morphotypes to upper water column variations during the last 
deglaciation, Gulf of Mexico: Geochimica et Cosmochimica Acta, v. 170, p. 69–93. 
Aurahs, R., Grimm, G.W., Hemleben, V., Hemleben, C., and Kucera, M., 2009, Geographical 
distribution of cryptic genetic types in the planktonic foraminifer Globigerinoides ruber: 
Molecular Ecology, v. 18, p. 1692–1706.  
66 
 
Aurahs, R., Treis, Y., Darling, K., and Kucera, M., 2011. A revised taxonomic and phylogenetic 
concept for the planktonic foraminifer species Globigerinoides ruber based on molecular 
and morphometric evidence: Marine Micropaleontology, v. 79, p. 1–14. 
Bard, E., Hamelin, B., and Fairbanks, R.G., 1990, U-Th ages obtained by mass spectrometry in 
corals from Barbados: sea level during the past 130,000 years:  Nature v. 346, p. 456. 
Bé, A.W.H., 1977, An ecological, zoogeographic and taxonomic review of recent planktonic 
foraminifera, in Ramsay, A.T. (ed.), Oceanic Micropaleontology: Academic Press, 
London, 1453 p. 
Bemis, B.E., Spero, H.J. Bijma, J., and Lea, D.W., 1998, Reevaluation of the oxygen isotopic 
composition of planktonic foraminifera: Experimental results and revised 
paleotemperature equations: Paleoceanography, v. 13, p. 150–160. 
Bidigare, R.R., Ondrusek, M.E., and Brooks, J.M., 1993, Influence of the Orinoco River outflow 
on distributions of algal pigments in the Caribbean Sea: Journal of Geophysical Research: 
Oceans, v. 98(C2), p. 2259–2269. 
Bonilla, J., Senior, W., Bugden, J., Zafiriou, O., and Jones, R., 1993, Seasonal distribution of 
nutrients and primary productivity on the eastern continental shelf of Venezuela as 
influenced by the Orinoco River: Journal of Geophysical Research: Oceans, v. 98(C2), p. 
2245–2257. 
Brown, E.A., 2011, Initial Ablation of the Laurentide Ice Sheet Based on Gulf of Mexico 
Sediments: University of South Florida Graduate Theses and Dissertations, 
https://scholarcommons.usf.edu/etd/3018. 
Cushman, J.A., 1910, A monograph of the Foraminifera of the north Pacific ocean, Part 1, 
Astrorhizidae and Lituolidae: United States National Museum Bulletin, v. 71, 134 p. 
67 
 
Cushman, J.A., 1927, Some new genera of the Foraminifera: Contributions from the Cushman 
Laboratory for Foraminiferal Research, v. 3, 105 p. 
d'Orbigny, A.D., 1826, Tableau méthodique de la classe des Céphalopodes: Annales des 
Sciences Naturelles, v. 7, p. 245–314. 
d’Orbigny, A.D., 1839, Voyage dans l'Amerique Meriodionale, v. 5, Strasbourg, France, 86 p.  
Elderfield, H. and Ganssen, G., 2000, Past temperature and δ18O of surface ocean waters inferred 
from foraminiferal Mg/Ca ratios: Nature, v. 405, p. 442–445. 
Emiliani, C., 1955, Pleistocene Temperatures:  Journal of Geology, v. 63, p. 538–578. 
Fairbanks, R.G., 1989, A 17, 000-year glacio-eustatic sea level record: Influence of glacial 
melting rates on the Younger Dryas event and deep-ocean circulation: Nature, v. 342, p. 
637–642. 
Flower, B.P., Hastings, D.W., Hill, H.W., and Quinn, T.M., 2004, Phasing of deglacial warming 
and Laurentide Ice Sheet meltwater in the Gulf of Mexico: Geology, v. 32, p. 597–600. 
Gordon, A.L., 1967, Circulation of the Caribbean sea: Journal of Geophysical Research, v. 72, p. 
6207–6223. 
Govin, A., Chiessi, C.M., Zabel, M., Sawakuchi, A.O., Heslop, D., Hörner, T., and & Mulitza, 
S., 2014. Terrigenous input off northern South America driven by changes in Amazonian 
climate and the North Brazil Current retroflection during the last 250 ka: Climate of the 
Past, v. 10, p. 843-862. 
Hecht, A.D., 1974, Intraspecific variation in recent populations of Globigerinoides ruber and 
Globigerinoides trilobus and their application to paleoenvironmental analysis: Journal of 
Paleontology, v. 48, p. 1217–1234. 
68 
 
Hecht, A.D., and Savin, S.M., 1972, Phenotypic variation and oxygen isotope ratios in recent 
planktonic foraminifera: Journal of Foraminiferal Research, v. 2, p.55–67. 
Hemleben, C., Zahn, R., and Meischner, D. (eds.), 1998, Research Vessel METEOR Cruise 
No.35 (1996) Report: Caribbean Sea, Sargasso Sea: Institut für Meereskunde der 
Universität Hamburg, Leitstelle METEOR, Hamburg, 224 p.  
Hill, H.W., Flower, B.P., Quinn, T.M., Hollander, D.J. and Guilderson, T.P., 2006, Laurentide 
Ice Sheet meltwater and abrupt climate change during the last glaciation: 
Paleoceanography, v. 21, PA1006, doi:10.1029/2005PA001186. 
Kawahata, H., 2005, Stable isotopic composition of two morphotypes of Globigerinoides ruber 
(white) in the subtropical gyre in the North Pacific: Paleontological Research, v. 9, p. 27–
35. 
Kinder, T. H., Heburn, G. W., and Green, A. W., 1985, Some aspects of the Caribbean 
circulation: Marine Geology, v. 68, p. 25–52. 
Kontakiotis, G., Antonarakou, A., Mortyn, P. G., Drinia, H., Anastasakis, G., Zarkogiannis, S., 
and Möbius, J., 2017, Morphological recognition of Globigerinoides ruber morphotypes 
and their susceptibility to diagenetic alteration in the eastern Mediterranean Sea: Journal 
of Marine Systems, v. 174, p. 12–24. 
Kuroyanagi, A., and Kawahata, H., 2004, Vertical distribution of living planktonic foraminifera 
in the seas around Japan: Marine Micropaleontology, v. 53, p. 173–196. 
Kuroyanagi, A., Tsuchiya, M., Kawahata, H., and Kitazato, H., 2008, The occurrence of two 
genotypes of the planktonic foraminifer Globigerinoides ruber (white) and paleo-
environmental implications: Marine Micropaleontology, v. 68, p. 236–243. 
69 
 
Lea, D.W., Mashiotta, T.A., and Spero, H.J., 1999, Controls on magnesium and strontium uptake 
in planktonic foraminifera determined by live culturing: Geochimica et Cosmochimica 
Acta, v. 63, p. 2369–2379. 
Leventer, A., Williams, D.F., and Kennett, J.P., 1982, Dynamics of the Laurentide ice sheet 
during the last deglaciation: evidence from the Gulf of Mexico: Earth and Science 
Letters, v. 59, p. 11–17.   
LoDico, J.M., Flower, B.P., and Quinn, T.M., 2006, Subcentennial-scale climatic and hydrologic 
variability in the Gulf of Mexico during the early Holocene: Paleoceanography, v. 21, 
PA3015, doi:10.1029/2005PA001243. 
Löwemark, L., Hong, W.-L., Yui, T.-F., and Hung, G.-W., 2005, A test of different factors 
influencing the isotopic signal of planktonic foraminifera in surface sediments from the 
northern South China Sea: Marine Micropaleontology, v. 55, p. 49–62. 
Muller-Karger, F.E., McClain, C.R., Fisher, T.R., Esaias, W.E., and Varela, R., 1989, Pigment 
distribution in the Caribbean Sea: Observations from space: Progress in Oceanography, v. 
23, p. 23–64. 
Muller-Karger, F.E., McClain, C.R., and Richardson, P.L., 1988, The dispersal of the Amazon's 
water: Nature, v. 333, p. 56. 
Numberger, L., Hemleben, C., Hoffmann, R., Mackensen, A., Schulz, H., Wunderlich, J. M., and 
Kucera, M., 2009, Habitats, abundance patterns and isotopic signals of morphotypes of 
the planktonic foraminifer Globigerinoides ruber (d'Orbigny) in the eastern 
Mediterranean Sea since the Marine Isotopic Stage 12: Marine Micropaleontology, v. 73, 
p. 90–104. 
70 
 
Nürnberg, D., Ziegler, M., Karas, C., Tiedemann, R., and Schmidt, M.W., 2008, Interacting loop 
current variability and Mississippi River discharge over the past 400 kyr: Earth and 
Planetary Science Letters, v. 272, p. 278–289. 
Orr, W.N., 1969, Variation and distribution of Globigerinoides ruber in the Gulf of Mexico: 
Micropaleontology, v. 15, p. 373–379. 
Parker, F.L., 1962, Planktonic foraminiferal species in Pacific sediments: Micropaleontology, v. 
8, p. 219–254. 
Poore, R.Z., Quinn, T.M., and Verardo, S., 2004. Century-scale movement of the Atlantic 
Intertropical Convergence Zone linked to solar variability: Geophysical Research Letters, 
v. 31, doi:10.1029/2004GL019940. 
Richey, J.N., Poore, R.Z., Flower, B.P., and Hollander, D.J., 2012, Ecological controls on the 
shell geochemistry of pink and white Globigerinoides ruber in the northern Gulf of 
Mexico: implications for paleoceanographic reconstruction: Marine Micropaleontology, 
v. 82–83 p. 28–37. 
Roemmich, D., 1981, Circulation of the Caribbean Sea: A well-resolved inverse problem: 
Journal of Geophysical Research: Oceans, v. 86(C9), p. 7993–8005. 
Sadekov, A., Eggins, S.M., De Deckker, P., and Kroon, D., 2008, Uncertainties in seawater 
thermometry deriving from intratest and intertest Mg/Ca variability in Globigerinoides 
ruber: Paleoceanography, v. 23, doi:10.1029/2007PA001452.  
Schmidt, M.W. and Spero, H.J., 2011, Meridional shifts in the marine ITCZ and the tropical 
hydrologic cycle over the last three glacial cycles: Paleoceanography v. 26, 
doi:10.1029/2010PA001976. 
71 
 
Schönfeld, J., Bahr, A., Bannert, B., Bayer, A.-S., Bayer, M., Beer, C., Blanz, T., Dullo, W.-C., 
Flögel, S., Garlichs, T., Haley, B., Hübscher, C., Joseph, N., Kucera, M., Langenbacher, 
J., Nürnberg, D., Ochsenhirt, W.-T., Petersen, A., Pulm, P., Titschack, J., and Troccoli, 
L., 2011, Surface and Intermediate Water hydrography, planktonic and benthic biota in 
the Caribbean Sea – Climate, Bio and Geosphere linkages (OPOKA) - Cruise No. M78/1 
- February 22 - March 28, 2009 - Colón (Panama) - Port of Spain (Trinidad and Tobago): 
METEOR-Berichte, M78/1, DFG-Senatskommission für Ozeanographie, 
doi:10.2312/cr_m78_1. 
Stalcup, M. C., and Metcalf, W.G., 1973, Bathymetry of the sills for the Venezuela and Virgin 
Islands basins: Deep Sea Research and Oceanographic Abstracts, v. 20, p. 739–742. 
Steinke, S., Chiu, H.-Y., Yu, P.-S., Shen, C.-C., Löwemark, L., Mii, H.-S., and Chen, M.-T., 
2005, Mg/Ca ratios of two Globigerinoides ruber (white) morphotypes: Implications for 
reconstructing past tropical/subtropical surface water conditions: Geochemistry, 
Geophysics, Geosystems, v. 6, doi: 10.1029/2005GC000926. 
Sturges, W., and Evans, J.C., 1983, On the variability of the Loop Current in the Gulf of Mexico: 
Journal of Marine Research, v. 41, p. 639–653. 
Tedesco, K., Thunell, R., Astor, Y., and Muller-Karger, F., 2007, The oxygen isotope 
composition of planktonic foraminifera from the Cariaco Basin, Venezuela: Seasonal and 
interannual variations: Marine Micropaleontology, v. 62, p. 180–193. 
Thirumalai, K., Richey, J.N., Quinn, T.M. and Poore, R.Z., 2014, Globigerinoides ruber 
morphotypes in the Gulf of Mexico: A test of null hypothesis: Scientific reports, v. 4, 
doi:10.1038/srep06018. 
72 
 
Tolderlund, D.S., Bé, A.W.H., 1971, Seasonal distribution of planktonic foraminifera in the 
western North Atlantic: Micropaleontology, v. 17, p. 297–329. 
Tripsanas, E.K., Bryant, W.R., Slowey, N.C., Bouma, A.H., Karageorgis, A.P., and Berti, D., 
2007, Sedimentological history of Bryant Canyon area, northwest Gulf of Mexico, during 
the last 135 kyr (Marine Isotope Stages 1–6): a proxy record of Mississippi River 
discharge: Palaeogeography Palaeoclimatology, Palaeoecology, v. 246, p. 137–161. 
Tripsanas, E.K., Karageorgis, A.P., Koutsopoulou, E., Panagiotopoulos, I.P., Kanellopoulos, 
T.D., Bryant, W.R., and Slowey, N.C., 2013, Enhanced Mississippi River discharge over 
the last 20 cal ka as depicted from the elemental geochemistry of Gulf of Mexico 
sediments: Palaios, v. 28 p. 623–636. 
Wang, Z., 2000, Isotopic signals in two morphotypes of Globigerinoides ruber (white) from the 
South China Sea: implications for monsoon climate change during the last glacial cycle: 
Paleogeography, Paleoclimatology, Paleoecology, v.161, p. 381–394. 
Wefer, G., Bleil, U., Schulz, H., and Fischer, G., 1997, Geo Bremen South Atlantic 1996–Cruise 
No. M34–January 3–April 15, 1996–Capetown (South Africa)–Bridgetown (Barbados): 
METEOR-Berichte, M34, DFG-Senatskommission für Ozeanographie, 550 p.  
Williams, C., Flower, B.P., Hastings, D.W., Guilderson, T.P., Quinn, K. A., and Goddard, E.A.,  
2010, Deglacial abrupt climate change in the Atlantic Warm Pool: A Gulf of Mexico 
perspective: Paleoceanography, v. 25, doi:10.1029/2010PA001928. 
Wüst, G., 1964, Stratification and circulation in the Antillean-Caribbean basins (Vol. 1): 
Columbia University Press, 201 p.
73 
 
Tables 
 
Table 3.1. Surface sediment sample locations from the Gulf of Mexico and Caribbean. Samples 
from cruise M78/1 are the top 0 – 1.0 cm interval, and M35/1 the top 0 – 0.5 cm interval. 
Cruise Station no. 
Sample 
no. 
Latitude Longitude Location 
Water 
depth (m) 
M78/1 NR 229-1 11.79217 -62.6427 W of Grenada 877 
M35/1 M35002 407 12.0333 -61.1783 E of Grenada 1503 
M35/1 M35003-5 408 12.0840 -61.2433 E of Grenada 1300 
M35/1 M35004-3 409 14.4108 -61.6661 W of Martinique 2889 
M35/1 M35005-4 410 15.4538 -62.2320 W of Dominica 2289 
M35/1 M35006-7 411 16.42275 -62.4516 W of Guadeloupe 886 
M35/1 M35008-3 412 18.0411 -64.1616 St. Croix Basin 2827 
M35/1 M35010-3 413 18.93285 -64.0898 Anegada Passage 2702 
M35/1 M35012-7 414 18.30112 -63.6305 Anegada Passage 1121 
M35/1 M35013-4 415 18.3141 -63.4513 Anegada Passage 902 
M35/1 M35014-2 416 17.8410 -63.7380 Anegada Passage 1604 
M35/1 M35019-2 417 17.67245 -65.4347 
W of Shepard 
Canyon 
1824 
M35/1 M35020-3 418 17.93008 -65.6688 
W of Shepard 
Canyon 
2003 
M35/1 M35023-5 419 17.60212 -65.6836 
W of Shepard 
Canyon 
1186 
M35/1 M35025-2 421 17.75505 -67.0061 S of Puerto Rico 1781 
M35/1 M35026-1 422 17.5067 -67.0469 S of Puerto Rico 3815 
M35/1 M35037-2 424 16.9147 -79.3856 W of Jamaica 1190 
M35/1 M35043-2 425 17.6396 -79.1686 W of Jamaica N/A 
M35/1 M35045-7 426 17.61207 -78.8817 W of Jamaica 698 
M35/1 M35052-5 427 16.5699 -77.6938 S of Jamaica 1447 
M35/1 M35054-1 428 16.5352 -76.6462 S of Jamaica 1942 
M78/1 NR 186-1 26.605 -84.8635 West Florida Shelf 779 
M78/1 NR 183-1 29.000 -87.33267 
Mississippi River 
Delta 
1244 
M78/1 NR 182-2 29.000 -87.8333 
Mississippi River 
Delta 
1515 
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Table 3.2. Surface sample Δ18O ruber-elongatus (‰) and species ratios 
Sample 
no. 
Location 
Δ18O ruber-
elong. (‰) 
Δ13C ruber-
elong. (‰) 
Ratio G. ruber to 
G. elongatus 
229-1 W of Grenada 0.0551 0.3447 1.2 
407 E of Grenada 0.2974 0.2391 1.0 
408 E of Grenada 0.3831 0.0973 0.9 
409 W of Martinique 0.0663 0.5555 0.7 
410 W of Dominica 0.0804 0.1305 1.1 
411 W of Guadeloupe 0.3135 0.0149 0.8 
412 St. Croix Basin 0.3414 1.0658 0.6 
413 Anegada Passage 0.0313 0.6994 0.4 
414 Anegada Passage 0.0487 0.4346 0.6 
415 Anegada Passage 0.1002 0.2978 0.6 
416 Anegada Passage 0.1067 0.4886 0.6 
417 
W of Shepard 
Canyon 
0.4883 0.7031 0.5 
418 
W of Shepard 
Canyon 
0.4709 0.6989 0.4 
419 
W of Shepard 
Canyon 
0.1841 0.0161 0.6 
421 S of Puerto Rico 0.0147 0.3400 0.3 
422 S of Puerto Rico 0.1464 0.1887 0.5 
424 W of Jamaica 0.0595 0.2653 0.8 
425 W of Jamaica 0.0414 0.0613 0.6 
426 W of Jamaica 0.0551 0.2676 0.3 
427 S of Jamaica 0.0487 0.4346 0.5 
428 S of Jamaica 0.1002 0.2978 0.4 
186-1 
West Florida 
Shelf 
0.2000 0.1704 0.2 
183-1 
Mississippi River 
Delta 
0.2100 0.2198 0.4 
182-2 
Mississippi River 
Delta 
0.2000 0.8432 0.4 
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Figures 
 
Figure 3.1. Samples were taken from the surface sediment at 27 multicore stations in the 
Caribbean, collectively forming a broad NW-SE from the Mississippi Profile in the northern 
Gulf of Mexico to Grenada. Two series of downcore samples were taken in Orca Basin, GOM, 
and Barbados, in the Caribbean. The ratio of G. ruber to G. elongatus (a), and isotopic offset in 
surface samples (b) is shown.
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Figure 3.2. Downcore isotope analyses were performed at two locations: a) GeoB 3938-1(B), 
west of Barbados (12°15'29.9” N, 58° 19'47.9” W), was sampled from Last Glacial Maximum 
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(LGM) to present; b) MD02-2550, Orca Basin, Gulf of Mexico (26˚56.77’ N, 91˚20.74’ W), was 
sampled higher resolution at LGM and early deglacial period. 
 
 
 
Figure 3.3. Comparison of coretop δ18O values from this study, and previous studies of 
analogous modern Globigerinoides morphology-specific isotopes.
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Figure 3.4. Hypothetical water column structures (upper 50 m), and distribution of 
Globigerinoides. a) High isotopic offsets, as originally noted by Wang (2000), suggest a 
stratified water column, with G. ruber occupying the upper 25–30 m, and G. elognatus calcifying 
at cooler, deeper depths. Isotopic homogeneity implies either b) that the water column is less 
stratified, and the foraminifer’s preferred depths experience comparable environmental 
conditions, or c) a very well-mixed environment, in which both environmental conditions and 
habitats overlap.
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Figure 3.5. Comparison of the downcore morphology-specific isotopic offset from core MD02-
2550 (Orca Basin), superimposed on a “mixed” G. ruber record from the same core, taken from 
Brown (2011). 
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Chapter 4. 
Tracking the presence and the relative first occurrences of Globigerinoides ruber 
and Globigerinoides elongatus in sediment cores from International Ocean Discovery 
Program (IODP) Expedition 349 in the South China Sea 
 
Background  
 
International Ocean Discovery Program (IODP) Expedition 349 to the South China Sea 
(SCS; 28 Jan – 30 March 2014) was designed to explore patterns of continental margin breakup, 
basin formation, and crustal evolution at the junction of the Eurasian, Pacific, and Indo-
Australian plates. Regional continental dynamics and paleo-environmental changes would also 
be explored, tying sediment deposits to source, with biostratigraphy providing age constraints for 
the cessation of seafloor spreading in the SCS basin, as well as for subsequent sedimentation 
events (see Li et al. 2013). The plan was to core in four locations (Figure 4.1): the northern SCS 
(U1432) at the southern edge of the continent/ocean boundary on the Chinese continental margin 
(~60 km south of Ocean Drilling Project Site 1148), the relict spreading center near the middle 
of the SCS basin (U1431), and farther to the south, on either side of the relict spreading center 
(U1433; U1434), with the goal of reaching the ocean crust at all sites to establish seafloor age 
and the time of cessation of seafloor spreading (see Li et al. 2015).  
The SCS basin was the setting for three recent studies that aimed to understand the 
geochemical, morphological, genetic, and temporal relationships among the members of the 
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Globigerinoides genus. Wang’s (2000) landmark stable isotope study differentiated 
Globigerinoides ruber (d’Orbigny 1839) morphologies in the SCS, both in coretop and 
downcore material, and his morphotype designations of “G. ruber sensu stricto (s.s.)” and “G. 
ruber sensu lato (s.l.)” have been used either as a reference or as point of comparison in the 
majority of subsequent Globigerinoides geochemical-morphology relationship studies, whether 
or not they adhered to Wang’s actual taxonomic criteria or morphotype names (e.g., Kuroyanagi 
and Kawahata 2004; Steinke et al., 2005, 2008; Löwemark et al. 2005; Kawahata 2005; Sadekov 
et al. 2008; Kuroyanagi et al. 2008; Numberger et al. 2009; Aurahs et al., 2011; Antonarakou et 
al. 2015). In 2005, Steinke et al. reinforced Wang’s (2000) SCS isotopic offset findings with a 
morphotype-specific study of Mg/Ca variability in the southern SCS, while Löwemark et al. 
(2005) explored the factors influencing the isotopic signal of G. ruber morphotypes (e.g., 
seasonality, cleaning protocols, etc.), based on coretops in the northern SCS (Figure 4.1). 
The SCS was thought, therefore, to be an ideal location for additional study of 
Globigerinoides ruber-elongatus (d’Orbigny 1826; 1839), minimizing the potential influence of 
geographical distribution on the geochemistry or morphology of foraminifer tests, when 
compared to previous findings. Since IODP Expedition 349’s planned cores were projected to 
have ages extending into the Miocene or earlier, I proposed to examine Globigerinoides 
specimens to see how far downcore the divergent G. ruber and G. elongatus fossil records 
extended.  
Globigerinoides ruber, as an umbrella species, has long been recognized to have 
appeared during the mid-Miocene in the Atlantic, Pacific, Indian, Mediterranean, and Caribbean 
basins (e.g., Cordey 1967; Bé 1977; Boersma 1978; Dunn et al. 1981; Liska 1985; Martinotti 
1990). But G. ruber is now understood to represent more than one distinguishable species, and 
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the deepest downcore morphology-specific study at the time of application (Wang’s 2000 G. 
ruber s.s.-s.l. isotope comparison) only extended to ~42 ka. Thus, G. ruber and G. elongatus 
have been demonstrably unique, morphologically and isotopically, as far back as Marine Isotope 
Stage 3.  However, Aurahs et al. (2011) postulated, based on SSU rDNA sequence data and 
molecular clock analysis (estimation of evolution rates and timescales based on DNA or 
proteins), that the G. ruber sensu stricto lineage (Genotypes Ia, Ib2, Ib, and, later, the pink 
chromotype) originated from the now-extinct Globigerinoides subquadratus in the Middle 
Miocene (between 14.4–16.0 Ma), while the G. conglobatus/G. ruber genotype IIa lineage 
(corresponding to G. elongatus), split from the G. ruber lineage between ~6–8 Ma, and the G. 
elongatus morphology did not appear until the Pliocene (~4.0 Ma).  
The extensive coring of IODP Expedition 349 potentially represented an opportunity to 
observe the presence of G. ruber vs. G. elongatus specimens farther back in geologic time than 
any previous morphology study, and to test Aurahs et al.’s (2011) molecular clock hypothesis. 
The planned coring sites would all be at or below the carbonate compensation depth (CCD) of 
the modern SCS (CCD ~3800 m; lysocline ~3000; Thunell et al. 1992; see Table 4.1), and the 
risk of partial dissolution would likely limit the viability of isotopic analyses. But it was 
anticipated that the morphologies would be discernable throughout.  
Sites U1431 and U1432 were selected for sampling. Site U1432 was expected to be the 
shallowest site (~3843 m), with lower dissolution potential, while U1431 was expected to be the 
most complete record, as the site would be cored for total recovery, from surface to igneous 
basement. A pre-expedition sample request was made for 10 cc’s of sediment every 1.5 meters 
from coretop through the Miocene, as determined by onsite biostratigraphy, or until such point as 
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G. ruber ceased to be present in core-catchers, with samples from several additional cores below 
that, in case the species was simply absent from the last core-catcher in which it appeared onsite.  
 
Expedition and Sampling  
Site U1431 
 
IODP Expedition 349 arrived at site U1431 (Figure 4.1) on 31 January 2014, following a 
two-day transit from Hong Kong, and remained onsite for 16 days. Five holes were cored at this 
site. The original plan for a single continuous hole (surface to basement) was modified in transit 
to include two preliminary short holes (U1431A and U1431B) for high-resolution sampling of 
the upper ~20 m by the sedimentology personnel. Hole U1431C was abandoned due to a split 
core liner on the first coring attempt. Hole U1431D was successfully continually cored to a depth 
of 617.0 meters below seafloor (mbsf); at this point, the extended core barrel (XCB) coring 
system was damaged. Hole U1431E was drilled without coring to ~570 mbsf, then cored to a 
sediment depth of  894.4 mbsf, with an additional ~114 m of igneous basement, to a final depth 
of 1008.8 mbsf (see Li et al. 2015a, 2015b for full description of operations). Material for this 
project was taken from Hole U1431D.  
 
Site U1432 
Expedition 349 arrived at site U1432 (Figure 4.1) on 16 February 2014. Three holes were 
attempted, but operations at this site were compromised by a combination of mechanical failure 
and poor weather conditions. The planned operations included laying a reentry system and lining 
the final completed hole with permanent casing for future expeditions to core further into 
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igneous basement; the first hole (U1432A) was a jet-in test to determine the correct depth for the 
casing string. The second (U1432B) had to be abandoned when the drill string became 
immovably stuck in the casing cement, and the drill string had to be severed (see Li et al. 2015a).  
The final hole (U1432C) was cored to 110.0 mbsf, but poor weather conditions led to 
artificial reworking of sediment during recovery, compromising the integrity of the stratigraphy. 
Site U1432 was ultimately abandoned, and the request for what sample material had successfully 
been recovered from this site was rescinded.  
 
Rejected Alternative: Site U1435 
 Following the failed operations at U1432, the expedition proceeded south to core as 
planned at sites U1433 and U1434 (Figure 1), on either side of the relict spreading center in the 
southern basin. These operations were completed successfully. Due to further poor weather 
conditions in the southern basin, U1434 was completed by spot-coring rather than continual 
coring to expedite the process. The ship then returned north to a backup site for U1432, on 
continental side of the SCS continent/ocean boundary. Site U1435 was reached on 24 March 
2014, and cored to a total depth of 300.0 mbsf. Onsite biostratigraphy, based almost entirely on 
nanofossils, suggested an Oligocene–Pleistocene age span.  
Fossil preservation in general was, however, exceedingly poor, particularly for 
foraminifera (see Li et al. 2015a), with coarse sediment and numerous turbidite events. No 
alternative material to site U1432 was requested.   
 
 
 
85 
 
Results 
Site U1431: Age Control and Preservation 
 
Nine sedimentary units and two igneous units were identified in the 122 cores recovered 
at Site U1431. Biostratigraphic datums based on 15 foraminiferal events, 29 calcareous 
nannofossil events, and four radiolarian events (as well as several ash layers in Lithostratigraphic 
Unit I) indicated that the sediment  recovered  in  Hole  U1431D  spanned  the  upper  Miocene  
(planktonic foraminifera Zone M13; nannofossil Zone NN6)  through the Pleistocene (Zones 
PT1b (foraminifera); NR1 (radiolarian); NN20/NN21 (calcareous nannofossil); see Figure 2, 
modified from Li et al. 2015a, 2015b). The Pliocene/Pleistocene boundary was believed to lie 
between the core catchers of the thirteenth (116.5 mbsf) and fourteenth core (125.0 mbsf), based 
on the first occurrence datum (FO) of the planktonic foraminifer Globorotalia truncatulinoides 
(2.58 Ma). The Miocene/Pliocene boundary was believed to lie between the core catchers of the 
thirty-first and thirty-third cores (284.6 and 298.6 mbsf, respectively), based on the FO of 
calcareous nannofossils Ceratolithus rugosus and Ceratolithus acutus (~5.12 and 5.35 Ma; see 
Li. et al. 2015b). Although diagnostic index fossil foraminifera denoting the late Miocene could 
not be identified in these cores, either onsite or in later shore-based analyses, the presence of 
Pliocene species Globorotalia multicamerata was noted in Core 349-U1431D-31X. 
Planktonic foraminifera were moderately-preserved to well-preserved throughout the first 
twelve cores (upper ~100 meters), corresponding to Lithostratigraphic Unit I (a mixture of dark 
greenish gray clay and silty clay; Li et al. 2015b), with assemblages dominated by low-latitude, 
dissolution-resistant species (e.g., Globigerinoides sacculifer, Trilobatus trilobus, Globorotalia 
tumida, Sphaeroidinella dehiscens, and Pulleniatina obliquiloculata). Below this (Core 349-
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U1431D-12H), abundance and preservation deteriorated rapidly. Biostratigraphy and fossil 
analyses in the Pliocene units, in particular Units IIA, IIB, were impeded by frequent 
occurrences of turbidite deposits (see Lithostratigraphy chapter of Li et al. 2015b), and frequent 
apparent fossil reworking. Foraminiferal abundance in this interval ranged from moderately 
common to absent, with moderate to poor preservation (see Figure 3 for an example). 
 
Site U1431: Globigerinoides  
 Globigerinoides ruber and Globigerinoides elongatus were both present intermittently 
throughout the upper 100 mbsf, corresponding to Lithostratigraphic Unit I and a Pleistocene age 
range. The first occurrence (FO, i.e., the lowest downcore occurrence) of G. elongatus in the 
onsite core catcher was Core 349-U1431D-10H, at ~89 mbsf; the FO of G. elongatus during 
shore-based sample analysis was ~0.3 m lower in Core 349-U1431D-11H. The age of this FO 
was calculated to be ~1.9 Ma, based on sedimentation rate. Below this point, G. ruber was 
present, but at low abundance (typically 10 or fewer specimens per 10 cc’s of sediment) 
intermittently throughout the next 200 m of Lithostratigraphic Units IIA and IIB (turbidite 
deposits), III (clay and nannofossil ooze), and IV (clay, silty sand, nannofossil ooze), all of 
which were assigned a Pliocene age. The FO of G. ruber in both onsite core catcher and in shore-
based sample evaluation was Core 349-U1431D-35X, at ~317 mbsf (see Figure 2). This was two 
cores (~17 m) below the Miocene/Pliocene boundary indicated by the calcareous nannofossil 
datums, and while sedimentation was changing rapidly in this Unit, a very rough age of ~6.4 Ma 
was calculated. Both of these FOs are younger (G. elongatus much more so) than either the first 
occurrence of G. ruber in the established record of the Indo-Pacific region, or their projected 
appearances based on the molecular clock of Aurahs et al. (2011). Given that the white 
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chromotype of G. ruber has been observed through the mid-to-late Miocene in all basins where it 
occurs (e.g., Cordey 1967; Bé 1977; Dunn et al. 1981; Liska 1985; Martinotti 1990), these 
datums clearly do not represent the true range of either species. Poor preservation and heavy 
reworking of the sediment have simply obscured the record. 
 
Concluding Remarks 
 
 The results of IODP Expedition 349 confirmed the presence of G. ruber in the South 
China Sea through the late Miocene, and G. elongatus through the Pleistocene. While the relative 
FO of G. ruber clearly occurred much earlier than the FO of G. elongatus, as suggested 
previously by molecular clock analysis, neither species could be traced downcore to the full 
extent of their fossil ranges due to poor preservation of foraminiferal specimens in older cores.  
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Tables 
Table 4.1. Site summary for IODP Expedition 349, and remarks concerning this study. Age 
refers only to sediment; basement rock is not reported. 
 
 
Site Location 
Water 
Depth 
Maximum 
Age 
Recovered 
Preservation 
of 
Foraminifera 
Notes 
U1431 
15° 22.548’ N 
117° 0.00’ E 
4213  
m 
Early-Middle 
Miocene 
(~16.7–17.5 
Ma) 
Poor to Good 
Used for this 
study. 
U1432 
18° 21.117’ N 
116° 23.45’ E 
3843  
m 
Middle-Late 
Pleistocene 
(<0.91 Ma) 
Excellent 
Artificial 
reworking during 
recovery, due to 
poor weather, 
high heave. Site 
abandoned. 
U1433 
12° 55.1380’ N 
115° 2.8345’ E 
4379  
m 
Late Miocene 
(<10.64  
Ma ? ) 
Poor to 
Moderate 
Age control for 
Miocene section 
difficult: index 
fossils rare.  
U1434 
13° 11.5080’ N 
114° 55.4005’ E 
4009  
m 
Middle 
Miocene 
(~ 11.9 Ma) 
Poor to Good 
Non-continuous 
record; several 
intervals drilled 
rather than cored. 
U1435 
18° 33.3466’ N 
116° 36.6174’ E 
3252  
m 
Early 
Oligocene 
(<33.43 Ma) 
Poor 
Coarse turbidite 
sediment; fossil 
preservation poor. 
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IODP Exp. 349 sites 
Wang 2000 (study area) 
Löwemark et al. 2005 (study area) 
Steinke et al. 2005 (three sites) 
Figures 
 
Figure 4.1. IODP Expedition 349 sites, relative to sampling areas of previous G. ruber–G. 
elongatus-specific studies in the South China Sea. Samples for this study were taken from 
U1431, near the relict spreading center. 
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Figure 4.2. Stratigraphic summery of core U1431D. The color bars on the left indicate the 
presence of G. ruber (green) and G. elongatus (blue). Both species’ first occurrence (FO) in this 
core are much more recent than molecular clock estimates or other fossil records, due to poor 
preservation.
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Figure 4.3. Example of poor preservation through Lithostratigraphic Units IIa and IIb (Pliocene 
range): two Globigerinoides sacculifer samples recovered from the core-catcher of Hole 349-
U1431D-24X.
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Chapter 5. 
Conclusion 
 
The focus of this dissertation was to explore the morphology, classification, and 
geochemistry of the Globigerinoides ruber-elongatus plexus, and potential implications for their 
use as paleoceanographic proxies and potential biomarker fossils.  Historical taxonomic literature 
dating back to the species’ earliest nomenclature were canvased, and sample specimens were 
photographed and measured to assess the extent to which G. ruber and G. elongatus visually 
differed, based on the most recurring identification characteristics used to identify them. 
Morphology-specific coretop and downcore samples in the Caribbean and Gulf of Mexico were 
assessed for any systematic offset in stable isotope values, and an attempt was made to 
corroborate the first occurrence (FO) of G. elongatus in the fossil record, relative to that of G. 
ruber, as postulated by molecular clock analysis in previous studies.  
  
Summary of Findings 
 
In Chapter 2, taxonomic descriptions and images historically used to visually distinguish 
members of the Globigerinoides ruber-elongatus (née Globigerina rubra/elongata; d’Orbigny 
1826, 1839) plexus, including many of their analogous species or morphotype concepts (1826–
present), were canvased for recurring criteria. Final chamber asymmetry, final chamber 
compression, and terminal aperture compression were isolated as the most commonly used 
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criteria. To test how effectively these features differentiate G. ruber from G. elongatus, ~300 
Globigerinoides specimens from a boxcore top taken in the northern Caribbean were separated 
using only these criteria as decision-making factors. The two visually-classified groups were 
then photographed and measured. Morphometric analyses revealed minimal overlap in the 
measured values of final chamber compression and final chamber asymmetry, but a high degree 
of overlap in aperture compression values. A simple Students’ t-test confirmed that the 
differences in final chamber compression and asymmetry were highly significant, while aperture 
compression values were not, indicating that aperture compressions of the two species are not 
sufficiently dissimilar to be a reliable differentiating feature. However, the remaining two criteria 
allow for objective distinction of G. ruber and G. elongatus, in agreement with most existing 
literature. A blind identification test in which five colleagues were asked to place all specimens 
into one of two groups based only on the two significantly unique criteria showed that, in visual 
identification, high-asymmetry specimens were uniformly assigned to the same group, regardless 
of their compression. The few specimens not agreed upon with either a full or majority 
consensus had nearly perfect symmetry, suggesting that visual classification will ultimately 
depended on a viewer’s opinion of the final chamber’s degree of compression. 
Having established a reliable means of visually separating Globigerinoides ruber and 
elongatus specimens, Chapter 3 examined the isotopic values of both, in coretop and downcore 
samples taken from the Gulf of Mexico and Caribbean. A minimal offset in δ18O values from the 
coretop samples indicated that, in the warm, well-mixed Caribbean and Gulf surface waters, the 
habitats of G. ruber and G. elongatus in recent to modern waters overlap. Alternatively, the 
seawater properties influencing the δ18O values of the foraminifers’ calcite tests may be 
homogeneously distributed in the upper water column. This supports the findings of findings of 
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Thirumalai et al. (2014). Downcore Δ18Oruber-elongatus in the southern Caribbean remained minimal 
from the coretop down through the Last Glacial Maximum, implying relatively consistent 
hydrologic surface conditions at lower latitude through the deglacial period. However, downcore 
Δ18Oruber-elongatus in the northern Gulf of Mexico (Orca Basin) became markedly more 
pronounced, with an offset of ~1.2‰ in the early deglacial and late glacial times, implying more 
stratified or isolated habitat depths for G. ruber and G. elongatus. Possible reasons include a 
shallower or stronger seasonal thermocline or halocline, accounting for the more depleted δ18O 
values of G. elongatus. Another possibility could be that G. elongatus occupied a deeper habitat 
in response to freshening of the surface waters; prior studies (e.g., Flower et al. 2004; LoDico et 
al. 2006; Richey et al. 2012; Tripsanas et al. 2007, 2013), have suggested the notion of glacial 
water discharging from the Laurentide Ice Sheet resulting in a low-density freshwater lens in the 
northern Gulf of Mexico area around the mouth of the Mississippi River, where Orca Basin lies. 
Given the variability in Δ18Oruber-elongatus values, I concluded with the recommendation that G. 
ruber and G. elongatus be identified and geochemically analyzed separately in future studies 
reconstructing paleo-oceanographic conditions, as the differences or similarities in δ18O may 
provide evidence for stratification within the euphotic zone. 
Chapter 4 described the research plan intended to extend the longest downcore record in 
which members of the G. ruber-elongatus plexus were deliberately separated. Wang (2000) 
observed the presence of G. ruber and G. elongatus (therein G. ruber sensu stricto/G. ruber 
sensu lato) in the South China Sea as far as Marine Isotope Stage 3. However, SSU rDNA 
sequence data and molecular clock analysis suggested that G. ruber (sensu stricto) lineage 
originated from in the Middle Miocene, while the G. elongatus morphology appeared in the 
Pliocene (Aurahs et al. 2011). I proposed that samples from a deep core (expected to reach as far 
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as the Oligocene) taken during International Ocean Discovery (IODP) Expedition 349, also in 
the South China Sea, could be used to track G. ruber and G. elongatus to their first occurrences. 
The first occurrence datum (FO) of G. elongatus was observed at ~89.3 meters below seafloor 
(mbsf), corresponding to an age of ~1.9 Ma. The FO of G. ruber was ~317.0 mbsf corresponding 
to an age of ~6.4 Ma. The presence of G. ruber in the South China Sea through the late Miocene, 
and G. elongatus through the Pleistocene, were therefore confirmed. In agreement with 
molecular clock analysis, the relative FO of G. elongatus was much younger than that of G. 
ruber. However, the true regional FOs were likely not reached, as the deep cores were affected 
by heavy reworking of the sediment, and poor preservation due to coarse lithology.  
 
Implications for Future Work 
 
The review of historical literature, isolation of recurring identification criteria, and 
morphometric analyses of Globigerinoides specimens does not invalidate or supplant existing 
classification systems or any morphology-specific characterizations of the Globigerinoides 
ruber-elongatus plexus. The intention was to highlight the most recurring criteria used for what 
inevitably is a partially-subjective task, that is, categorizing a fossil by its shape when the shape 
is a coiling pattern of semi-spherical chambers, and to test the effectiveness of these criteria. The 
Globigerinoides ruber-elongatus plexus (white chromotypes) consists of four genetic species, 
but given the limited reliable criteria for differentiation, morphology studies continue to separate 
them into only two groups. Kuroyanagi et al. (2008) and Aurahs et al. (2011) have shown that 
genotype Type IIa is morphologically consistent with both the G. ruber sensu lato morphotype 
concept (e.g., Wang 2000), and the G. elongatus species concept (d’Orbigny 1826). The lineage 
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corresponding to the G. ruber sensu stricto morphotype includes genotypes Ia, Ib and Ib2 
(Aurahs et al. 2011).  
Neither the study by Aurahs et al. (2011) nor the work in this dissertation, however, 
found adequate morphological characteristics to segregate these species, at least sufficiently as to 
analyze them individually. All fossil specimens not designated G. elongatus, therefore, 
necessarily continue to be labeled G. ruber. If the individual G. ruber sensu stricto-lineage 
species occupy unique habitats or incorporate element ratio dissimilarly, the current inability to 
visually separate them may still pose a potential for a bias in isotope values; this should be 
considered in future morphology-specific studies, even if it cannot be addressed.  
Despite the potential implications for paleoceanographic reconstructions inherent in a 
geochemical offset between its morphologies, Globigerinoides ruber as an umbrella species 
concept is currently not always subdivided for stable isotope or minor element analyses. Some 
researchers do separate the morphologies, often citing Wang (2000) as the guideline (e.g., Gray 
et al. 2018). Some isolate a single morphology and use only that form (e.g., use of only G. ruber 
sensu stricto; Evans et al. 2016). And some continue to use “mixed” non-morphology-specific 
samples (e.g., Allen et al. 2016). One reason for this may be the lack of universally agreed-upon 
criteria to define the morphologies, as discussed in Chapter 2. Another may be the lack of 
agreement about the necessity of separating the members of the G. ruber-elongatus plexus, even 
when it is possible to do so.  
The geochemical (dis)similarity of G. ruber and G. elongatus reported in previous studies 
has not been consistent. This could, naturally, be attributed to the differences in hydrology and 
climate of the sampling location or geologic age of the fossil. But, as discussed in Chapter 3, 
intra-basinal observations at similar time periods (e.g., Gulf of Mexico: Thirumalai et al. 2014; 
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Antonarakou et al. 2015; this study) have also yielded differing amplitudes of Δ18O values, 
ranging from negligible to substantial. This degree of variability highlights the need for a better 
understanding of the parameters influencing the morphospecies. At present, separating the 
morphologies and evaluating their geochemistry independently is recommended: A negligible 
geochemical offset scenario would not detract from the results, while a significant geochemical 
offset would more accurately reflect the ambient hydrology at the samples’ location and geologic 
age, thus providing useful information for paleoceanographic interpretations  
Future observations of a better-preserved set of downcore samples would also solidify the 
first occurrence (FO) of G. elongatus in the fossil record, relative to G. ruber. Several other 
foraminiferal species are already common stratigraphic biomarkers for the timeframe in which 
molecular clock analysis suggests the G. elongatus morphology first appeared [(e.g., last 
appearance datum (LAD) Sphaeroidinellopsis seminulina, FAD Globorotalia miocenica; see, 
e.g., Gradstein et al. (2012)]. Thus, G. elongatus may be redundant as an index fossil. However, 
if its first appearance as an entity independent of G. ruber is established, its presence could be 
used to corroborate the relative age of a sediment sample. 
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NOTE ON MORPHOMETRIC ANALYSIS METHODS 
 
In order to measure Compression (Cp) and Asymmetry (Ay) of the final chamber, and 
Compression of the terminal aperture (CA) of Globigerinoides ruber and G. elongatus, 
specimens were photographed in umbilical view, and measured in the ImageJ v. 1.48v software 
program. Ten landmark points were highlighted on the image of each specimen, and the pixels 
between them were converted to micrometers, and then to ratios.  
Four landmark points, or variables, were designated Category 1 (Morphologically 
homologous, such as the junction point where two chambers meet), and six as Category 2 
(Recognizable, but subjective points, such as points of maximum curvature: see Table A1, Figure 
A1). 
Compression of the final chamber and aperture were expressed as the height vs. width of 
the final chamber and aperture, respectively, as described in Chapter 2. Three approaches to 
express a ratio of asymmetry were explored (see Figure A1). Ultimately, the “Triangle Method” 
(distance to a calculated midpoint along the total width of the final chamber vs. width of final 
chamber) was selected as the most reflective of the chambers’ asymmetry, as the calculated 
midpoint was drawn as a line from the point of maximum curvature (Variable 3), normal to the 
width. 
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Table A1. Definition of variables, or landmark points, used for morphometric analysis.  
Variable Definition Category Use 
1 Left-side point in outline, in umbilical view, where 
the final chamber meets the penultimate chamber 
1 Ay 
2 Leftmost point of maximum curvature in final 
chamber, in umbilical view 
2 Cp, Ay 
3 Point of maximum curvature at the top of final 
chamber, in umbilical view 
2 Cp, Ay 
4 Right-most point of maximum curvature in final 
chamber, in umbilical view 
2 Cp, Ay 
5 Right-side point in outline, in umbilical view, 
where final chamber meets the antepenultimate 
chamber 
1 Cp, Ay 
6 Point at the base of the aperture, where 
penultimate and antepenultimate chambers meet 
1 Cp, Ay, CA 
7 Leftmost point of maximum curvature within the 
aperture of the final chamber 
2 CA 
8 Point of maximum curvature at the top of the 
aperture of the final chamber 
2 CA 
9 Rightmost point of maximum curvature within the 
aperture of the final chamber 
2 CA 
10 Point at base of the foram, in umbilical view, 
where penultimate and antepenultimate chambers 
meet 
1 Specimen size 
Mid-
point 
(Mp) 
Central point in final chamber at which two lines 
drawn between Var. 2 – 4  and Var. 3 – 6 (width 
and height) intersect 
N/A 
Ay 
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Figure A1. Three methods experimentally used to calculate a ratio of asymmetry. 
    
 
 
 
 
 
 
“Two-Line” Method 
Ay = Distance 1–3 (or 2– 3) vs. Distance 3–5 (or 3–4) 
(Yields smallest measure of asymmetry, generally) 
Advantage: Easiest calculation. 
Disadvantage: Variables 1 and 5 may not reflect extreme 
asymmetry, esp. in G. elongatus specimens 
Rejected. 
“Midpoint” Method 
Calculate “midpoint” at intersection of width and height lines.  
Ay = Distance to midpoint vs. width of final chamber.  
Advantage: Using four landmarks as anchors yields consistent 
results when replicated. “Stable” system for measuring. 
Disadvantage: Var. 6 affects the location of the midpoint (Mp) 
along line (2–4) just as much as Var. 3 does, although Var. 6 is 
not really a reflection of the shape of the final chamber; it’s a 
reflection of the shape of the aperture.  
Rejected. 
“Triangle” Method – Used Herein for Ay 
Midpoint along line of width (2–4) is one corner of a triangle, 
with the distance from Var. 2 to Var. 3 as its hypotenuse.  
Calculate angle between lines (2–3) and (2–4). Assuming Var. 3 
connects to the midpoint normal to (2–4), solve for third angle. 
Solve “AAS” triangle. 
Ay = Distance to midpoint vs. width of final chamber.  
(Yields moderate asymmetry, except in extremely irregular final 
chambers, usually G. elongatus) 
Advantage: Midpoint is not affected by the coordinates of Var. 
6, and therefore better reflects the outline of the final chamber. 
Disadvantage: Greatest number of calculation steps = greatest 
opportunity for error in spreadsheet. Check carefully. 
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Table A2. Measurements used to determine Compression (Cp), and specimen size on samples 
from this study. 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Width  
(µm) 
Height 
(µm) 
Compression 
(Cp) 
Specimen 
size 
001 G. ruber Reflected 225.4 170.3 0.76 291.6 
001 G. ruber Transmitted 224.7 167.8 0.75 289.5 
002 G. ruber Reflected 231.4 163.8 0.71 302.8 
002 G. ruber Transmitted 224.7 155.7 0.69 297.6 
003 G. ruber Reflected 242.1 197.7 0.82 216.4 
003 G. ruber Transmitted 240.1 200.6 0.84 383.5 
004 G. ruber Reflected 229.4 174.8 0.76 293.4 
004 G. ruber Transmitted 230.8 173.9 0.75 295.2 
005 G. ruber Reflected 250.9 195.3 0.78 329.2 
005 G. ruber Transmitted 254.2 196.8 0.77 323.3 
006 G. ruber Reflected 207.6 160.7 0.77 286.4 
006 G. ruber Transmitted 207.1 157.6 0.76 286.3 
007 G. ruber Reflected 312.4 257.4 0.82 402.4 
007 G. ruber Transmitted 304.0 254.4 0.84 389.8 
008 G. ruber Reflected 202.5 141.2 0.70 248.0 
008 G. ruber Transmitted 200.0 140.4 0.70 240.0 
009 G. ruber Reflected 267.9 188.6 0.70 294.9 
009 G. ruber Transmitted 266.9 191.5 0.72 294.2 
010 G. ruber Reflected 256.8 192.6 0.75 309.1 
010 G. ruber Transmitted 253.5 189.3 0.75 302.6 
011 G. ruber Reflected 201.0 126.6 0.63 245.5 
011 G. ruber Transmitted 199.3 126.7 0.64 242.3 
012 G. ruber Reflected 177.1 143.3 0.81 225.7 
012 G. ruber Transmitted 171.6 136.5 0.80 216.2 
013 G. ruber Reflected 263.6 226.4 0.86 350.5 
013 G. ruber Transmitted 265.1 215.6 0.81 348.8 
014 G. ruber Reflected 202.7 150.0 0.74 263.1 
014 G. ruber Transmitted 203.1 153.7 0.76 271.5 
015 G. ruber Reflected 275.8 208.8 0.76 362.5 
015 G. ruber Transmitted 280.1 214.8 0.77 364.8 
016 G. ruber Reflected 227.1 159.2 0.70 284.0 
016 G. ruber Transmitted 227.1 156.7 0.69 277.5 
017 G. ruber Reflected 239.7 182.7 0.76 297.2 
017 G. ruber Transmitted 238.8 182.3 0.76 286.5 
018 G. ruber Reflected 222.2 165.0 0.74 290.1 
018 G. ruber Transmitted 216.6 175.3 0.81 298.2 
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Table A2, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Width  
(µm) 
Height 
(µm) 
Compression 
(Cp) 
Specimen 
size 
019 G. ruber Reflected 289.0 226.8 0.78 399.3 
019 G. ruber Transmitted 289.9 224.0 0.77 402.9 
020 G. ruber Reflected 185.3 144.1 0.78 231.1 
020 G. ruber Transmitted 181.0 138.5 0.76 230.1 
021 G. ruber Reflected 174.7 133.7 0.77 226.1 
021 G. ruber Transmitted 168.5 133.3 0.79 231.3 
022 G. ruber Reflected 160.0 105.7 0.66 205.1 
022 G. ruber Transmitted 161.2 113.5 0.70 203.0 
023 G. ruber Reflected 172.0 125.1 0.73 216.4 
023 G. ruber Transmitted 163.2 128.9 0.79 212.5 
024 G. ruber Reflected 134.9 102.3 0.76 210.7 
024 G. ruber Transmitted 129.6 98.5 0.76 211.7 
025 G. ruber Reflected 165.5 115.5 0.70 208.1 
025 G. ruber Transmitted 167.0 116.9 0.70 204.6 
026 G. ruber Reflected 194.6 159.4 0.82 270.6 
026 G. ruber Transmitted 191.4 148.8 0.78 267.8 
027 G. ruber Reflected 146.8 111.8 0.76 196.7 
027 G. ruber Transmitted 146.3 107.5 0.73 192.9 
028 G. ruber Reflected 145.0 122.6 0.85 202.1 
028 G. ruber Transmitted 145.8 115.8 0.79 202.9 
029 G. ruber Reflected 157.8 100.3 0.64 205.0 
029 G. ruber Transmitted 158.0 105.3 0.67 207.1 
030 G. ruber Reflected 201.4 158.5 0.79 273.8 
030 G. ruber Transmitted 201.1 154.5 0.77 272.5 
031 G. ruber Reflected 167.6 119.5 0.71 233.6 
031 G. ruber Transmitted 160.4 127.6 0.80 235.6 
032 G. ruber Reflected 167.9 114.5 0.68 239.5 
032 G. ruber Transmitted 164.7 114.0 0.69 232.2 
033 G. ruber Reflected 210.4 150.5 0.71 265.4 
033 G. ruber Transmitted 204.5 152.8 0.75 263.3 
034 G. ruber Reflected 143.3 99.9 0.70 198.5 
034 G. ruber Transmitted 142.6 101.7 0.71 196.7 
035 G. ruber Reflected 137.7 102.1 0.74 229.1 
035 G. ruber Transmitted 127.8 104.5 0.82 225.9 
036 G. ruber Reflected 144.8 117.0 0.81 241.2 
036 G. ruber Transmitted 141.9 115.1 0.81 238.7 
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Table A2, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Width  
(µm) 
Height 
(µm) 
Compression 
(Cp) 
Specimen 
size 
037 G. ruber Reflected 159.3 120.8 0.76 222.4 
037 G. ruber Transmitted 153.7 122.4 0.80 220.8 
038 G. ruber Reflected 178.9 125.8 0.70 200.7 
038 G. ruber Transmitted 171.7 126.9 0.74 199.8 
039 G. ruber Reflected 154.6 104.3 0.67 189.6 
039 G. ruber Transmitted 148.6 111.1 0.75 190.8 
040 G. ruber Reflected 136.2 103.8 0.76 187.4 
040 G. ruber Transmitted 132.7 99.9 0.75 180.5 
041 G. ruber Reflected 221.0 165.2 0.75 258.8 
041 G. ruber Transmitted 216.8 164.6 0.76 256.6 
042 G. ruber Reflected 208.0 164.0 0.79 251.8 
042 G. ruber Transmitted 199.1 165.2 0.83 247.7 
043 G. ruber Reflected 192.8 150.8 0.78 255.9 
043 G. ruber Transmitted 192.6 149.3 0.78 250.2 
044 G. ruber Reflected 194.7 130.2 0.67 262.6 
044 G. ruber Transmitted 191.6 130.4 0.68 261.7 
045 G. ruber Reflected 209.1 152.2 0.73 281.8 
045 G. ruber Transmitted 204.6 156.6 0.77 278.9 
046 G. ruber Reflected 184.6 125.0 0.68 223.3 
046 G. ruber Transmitted 183.3 125.5 0.68 217.0 
047 G. ruber Reflected 157.2 108.8 0.69 197.6 
047 G. ruber Transmitted 159.1 110.4 0.69 198.5 
048 G. ruber Reflected 229.7 175.1 0.76 292.4 
048 G. ruber Transmitted 228.9 180.0 0.79 284.3 
049 G. ruber Reflected 201.6 146.3 0.73 251.4 
049 G. ruber Transmitted 195.0 134.6 0.69 244.8 
050 G. ruber Reflected 232.0 186.7 0.80 338.9 
050 G. ruber Transmitted 227.4 186.7 0.82 342.3 
051 G. ruber Reflected 189.0 135.8 0.72 229.7 
051 G. ruber Transmitted 187.5 132.1 0.70 220.7 
052 G. ruber Reflected 175.4 118.3 0.67 245.7 
052 G. ruber Transmitted 175.3 117.8 0.67 245.3 
053 G. ruber Reflected 188.8 113.4 0.60 242.4 
053 G. ruber Transmitted 184.9 121.5 0.66 241.1 
054 G. ruber Reflected 161.7 112.8 0.70 214.6 
054 G. ruber Transmitted 159.8 107.6 0.67 210.5 
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Table A2, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Width  
(µm) 
Height 
(µm) 
Compression 
(Cp) 
Specimen 
size 
055 G. ruber Reflected 177.5 128.4 0.72 219.7 
055 G. ruber Transmitted 175.7 133.5 0.76 216.4 
056 G. ruber Reflected 176.2 143.8 0.82 256.2 
056 G. ruber Transmitted 174.7 127.6 0.73 252.8 
057 G. ruber Reflected 179.7 120.4 0.67 243.6 
057 G. ruber Transmitted 180.4 122.5 0.68 237.7 
058 G. ruber Reflected 159.6 111.4 0.70 205.7 
058 G. ruber Transmitted 154.2 109.9 0.71 201.6 
059 G. ruber Reflected 215.7 164.6 0.76 266.1 
059 G. ruber Transmitted 213.3 161.5 0.76 262.8 
060 G. ruber Reflected 187.9 143.4 0.76 257.5 
060 G. ruber Transmitted 192.6 142.2 0.74 251.9 
061 G. ruber Reflected 168.1 113.1 0.67 232.3 
061 G. ruber Transmitted 169.5 125.2 0.74 236.3 
062 G. ruber Reflected 133.3 88.9 0.67 205.5 
062 G. ruber Transmitted 132.4 98.0 0.74 211.0 
063 G. ruber Reflected 174.4 129.2 0.74 209.9 
063 G. ruber Transmitted 172.0 127.5 0.74 209.6 
064 G. ruber Reflected 217.2 170.7 0.79 319.1 
064 G. ruber Transmitted 219.2 157.9 0.72 313.8 
065 G. ruber Reflected 213.7 151.7 0.71 300.5 
065 G. ruber Transmitted 222.8 164.9 0.74 304.3 
001 G. elongatus Reflected 140.4 92.9 0.66 215.5 
001 G. elongatus Transmitted 140.6 94.5 0.67 214.3 
002 G. elongatus Reflected 200.0 115.8 0.58 243.9 
002 G. elongatus Transmitted 199.2 115.7 0.58 241.8 
003 G. elongatus Reflected 167.9 114.4 0.68 245.7 
003 G. elongatus Transmitted 170.8 116.5 0.68 248.4 
004 G. elongatus Reflected 164.9 120.4 0.73 244.1 
004 G. elongatus Transmitted 165.8 121.0 0.73 247.9 
005 G. elongatus Reflected 206.9 126.5 0.61 265.0 
005 G. elongatus Transmitted 206.6 127.0 0.61 264.0 
006 G. elongatus Reflected 154.0 111.1 0.72 212.7 
006 G. elongatus Transmitted 161.4 108.5 0.67 217.5 
007 G. elongatus Reflected 197.1 140.9 0.72 293.4 
007 G. elongatus Transmitted 191.7 139.7 0.73 292.0 
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Table A2, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Width  
(µm) 
Height 
(µm) 
Compression 
(Cp) 
Specimen 
size 
008 G. elongatus Reflected 132.3 82.2 0.62 156.5 
008 G. elongatus Transmitted 137.2 86.9 0.63 155.7 
009 G. elongatus Reflected 145.9 104.3 0.72 175.0 
009 G. elongatus Transmitted 147.3 101.7 0.69 172.6 
010 G. elongatus Reflected 163.2 98.6 0.60 195.7 
010 G. elongatus Transmitted 165.2 100.0 0.61 196.1 
011 G. elongatus Reflected 167.5 101.6 0.61 199.0 
011 G. elongatus Transmitted 164.5 94.5 0.57 197.4 
012 G. elongatus Reflected 134.6 82.6 0.61 164.4 
012 G. elongatus Transmitted 136.8 88.0 0.64 160.3 
013 G. elongatus Reflected 164.1 104.6 0.64 207.5 
013 G. elongatus Transmitted 165.8 99.6 0.60 203.4 
014 G. elongatus Reflected 129.6 85.7 0.66 184.3 
014 G. elongatus Transmitted 128.4 79.7 0.62 184.9 
015 G. elongatus Reflected 144.5 97.1 0.67 192.2 
015 G. elongatus Transmitted 146.1 101.0 0.69 195.4 
016 G. elongatus Reflected 120.2 76.0 0.63 172.9 
016 G. elongatus Transmitted 119.1 73.2 0.61 170.2 
017 G. elongatus Reflected 182.6 115.7 0.63 232.2 
017 G. elongatus Transmitted 181.9 115.8 0.64 231.8 
018 G. elongatus Reflected 169.3 111.3 0.66 240.4 
018 G. elongatus Transmitted 169.9 99.9 0.59 234.9 
019 G. elongatus Reflected 218.2 138.4 0.63 289.9 
019 G. elongatus Transmitted 220.4 139.5 0.63 280.2 
020 G. elongatus Reflected 165.6 112.4 0.68 205.1 
020 G. elongatus Transmitted 157.4 101.7 0.65 202.7 
021 G. elongatus Reflected 225.1 140.7 0.63 307.6 
021 G. elongatus Transmitted 227.2 143.1 0.63 309.2 
022 G. elongatus Reflected 141.4 86.1 0.61 218.2 
022 G. elongatus Transmitted 144.4 92.6 0.64 216.8 
023 G. elongatus Reflected 189.2 115.9 0.61 222.4 
023 G. elongatus Transmitted 189.3 111.3 0.59 229.4 
024 G. elongatus Reflected 202.6 122.6 0.60 240.5 
024 G. elongatus Transmitted 204.5 120.2 0.59 238.3 
025 G. elongatus Reflected 133.4 62.2 0.47 159.8 
025 G. elongatus Transmitted 134.1 62.2 0.46 166.3 
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Table A2, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Width  
(µm) 
Height 
(µm) 
Compression 
(Cp) 
Specimen 
size 
026 G. elongatus Reflected 144.4 91.7 0.63 207.4 
026 G. elongatus Transmitted 147.0 86.7 0.59 205.6 
027 G. elongatus Reflected 136.4 77.8 0.57 184.1 
027 G. elongatus Transmitted 136.0 74.7 0.55 183.0 
028 G. elongatus Reflected 245.8 141.6 0.58 326.2 
028 G. elongatus Transmitted 246.9 130.1 0.53 318.7 
029 G. elongatus Reflected 192.0 114.6 0.60 248.6 
029 G. elongatus Transmitted 190.6 112.6 0.59 246.3 
030 G. elongatus Reflected 190.2 108.6 0.57 234.8 
030 G. elongatus Transmitted 186.2 114.6 0.62 235.0 
031 G. elongatus Reflected 192.2 111.4 0.58 253.2 
031 G. elongatus Transmitted 188.6 109.3 0.58 256.0 
032 G. elongatus Reflected 116.7 55.9 0.48 185.8 
032 G. elongatus Transmitted 123.1 63.6 0.52 183.9 
033 G. elongatus Reflected 147.0 76.4 0.52 198.2 
033 G. elongatus Transmitted 148.7 77.6 0.52 193.9 
034 G. elongatus Reflected 151.7 76.8 0.51 200.8 
034 G. elongatus Transmitted 148.0 80.1 0.54 193.3 
035 G. elongatus Reflected 158.3 93.5 0.59 179.3 
035 G. elongatus Transmitted 150.1 92.0 0.61 170.8 
036 G. elongatus Reflected 224.6 125.9 0.56 280.1 
036 G. elongatus Transmitted 229.7 130.4 0.57 280.9 
037 G. elongatus Reflected 150.8 81.0 0.54 195.5 
037 G. elongatus Transmitted 151.7 79.5 0.52 196.4 
038 G. elongatus Reflected 174.5 102.4 0.59 201.4 
038 G. elongatus Transmitted 175.6 103.8 0.59 200.0 
039 G. elongatus Reflected 159.9 100.7 0.63 189.6 
039 G. elongatus Transmitted 160.0 89.6 0.56 181.2 
040 G. elongatus Reflected 201.7 113.9 0.56 295.2 
040 G. elongatus Transmitted 198.7 116.4 0.59 298.0 
041 G. elongatus Reflected 130.8 82.9 0.63 210.1 
041 G. elongatus Transmitted 133.2 85.6 0.64 213.1 
042 G. elongatus Reflected 159.5 81.2 0.51 175.1 
042 G. elongatus Transmitted 159.6 85.6 0.54 172.3 
043 G. elongatus Reflected 140.2 81.2 0.58 190.6 
043 G. elongatus Transmitted 140.9 79.6 0.56 188.6 
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Table A2, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Width  
(µm) 
Height 
(µm) 
Compression 
(Cp) 
Specimen 
size 
044 G. elongatus Reflected 109.5 64.8 0.59 166.8 
044 G. elongatus Transmitted 107.3 59.5 0.55 164.5 
045 G. elongatus Reflected 196.0 117.8 0.60 211.2 
045 G. elongatus Transmitted 192.7 115.4 0.60 211.7 
046 G. elongatus Reflected 166.6 94.9 0.57 211.9 
046 G. elongatus Transmitted 164.4 96.2 0.59 212.1 
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Table A3. Measurements used to determine Aperture compression (AC) and Asymmetry (Ay) on 
samples from this study. 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Aperture   
Width   Height   
Aperture 
Compression 
(AC) 
Asymmetry 
Ratio     
(Ay) 
001 G. ruber Reflected 66.1 81.9 0.8 0.57 
001 G. ruber Transmitted 71.2 73.0 1.0 0.53 
002 G. ruber Reflected 53.4 66.3 0.8 0.51 
002 G. ruber Transmitted 43.5 56.9 0.8 0.52 
003 G. ruber Reflected 83.4 91.4 0.9 0.51 
003 G. ruber Transmitted 93.0 94.3 1.0 0.52 
004 G. ruber Reflected 64.6 87.6 0.7 0.50 
004 G. ruber Transmitted 69.5 86.8 0.8 0.50 
005 G. ruber Reflected 55.9 56.2 1.0 0.52 
005 G. ruber Transmitted 61.6 52.2 1.2 0.51 
006 G. ruber Reflected 71.8 95.4 0.8 0.61 
006 G. ruber Transmitted 68.6 94.4 0.7 0.52 
007 G. ruber Reflected 73.6 82.3 0.9 0.53 
007 G. ruber Transmitted 80.4 58.6 1.4 0.51 
008 G. ruber Reflected 40.5 75.6 0.5 0.53 
008 G. ruber Transmitted 44.5 72.2 0.6 0.51 
009 G. ruber Reflected 67.5 62.2 1.1 0.52 
009 G. ruber Transmitted 63.5 54.2 1.2 0.53 
010 G. ruber Reflected 69.6 117.4 0.6 0.51 
010 G. ruber Transmitted 71.6 110.4 0.6 0.51 
011 G. ruber Reflected 59.5 60.3 1.0 0.58 
011 G. ruber Transmitted 60.9 61.0 1.0 0.53 
012 G. ruber Reflected 46.8 55.2 0.8 0.56 
012 G. ruber Transmitted 47.7 49.5 1.0 0.55 
013 G. ruber Reflected 66.5 61.4 1.1 0.54 
013 G. ruber Transmitted 63.5 58.3 1.1 0.56 
014 G. ruber Reflected 64.0 68.6 0.9 0.52 
014 G. ruber Transmitted 68.2 71.6 1.0 0.54 
015 G. ruber Reflected 72.6 62.3 1.2 0.55 
015 G. ruber Transmitted 77.4 52.2 1.5 0.52 
016 G. ruber Reflected 68.0 64.2 1.1 0.54 
016 G. ruber Transmitted 61.3 46.4 1.3 0.50 
017 G. ruber Reflected 40.0 37.1 1.1 0.57 
017 G. ruber Transmitted 46.5 32.1 1.4 0.56 
018 G. ruber Reflected 78.1 44.5 1.8 0.52 
018 G. ruber Transmitted 82.1 40.4 2.0 0.58 
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Table A3, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Aperture   
Width   Height   
Aperture 
Compression 
(AC) 
Asymmetry 
Ratio     
(Ay) 
019 G. ruber Reflected 71.2 150.7 0.5 0.51 
019 G. ruber Transmitted 77.0 148.9 0.5 0.52 
020 G. ruber Reflected 45.7 52.5 0.9 0.53 
020 G. ruber Transmitted 43.2 54.9 0.8 0.52 
021 G. ruber Reflected 27.6 49.6 0.6 0.54 
021 G. ruber Transmitted 30.4 55.2 0.6 0.53 
022 G. ruber Reflected 50.0 42.1 1.2 0.56 
022 G. ruber Transmitted 46.7 42.3 1.1 0.50 
023 G. ruber Reflected 53.5 48.1 1.1 0.55 
023 G. ruber Transmitted 42.8 46.3 0.9 0.58 
024 G. ruber Reflected 45.8 34.1 1.3 0.55 
024 G. ruber Transmitted 45.8 37.7 1.2 0.53 
025 G. ruber Reflected 23.6 28.8 0.8 0.58 
025 G. ruber Transmitted 28.5 26.6 1.1 0.50 
026 G. ruber Reflected 55.1 50.4 1.1 0.51 
026 G. ruber Transmitted 51.8 35.4 1.5 0.50 
027 G. ruber Reflected 43.3 32.3 1.3 0.51 
027 G. ruber Transmitted 42.2 32.2 1.3 0.53 
028 G. ruber Reflected 37.5 31.4 1.2 0.54 
028 G. ruber Transmitted 31.9 43.1 0.7 0.51 
029 G. ruber Reflected 45.6 52.6 0.9 0.53 
029 G. ruber Transmitted 48.6 58.2 0.8 0.57 
030 G. ruber Reflected 34.1 34.5 1.0 0.50 
030 G. ruber Transmitted 36.3 39.4 0.9 0.54 
031 G. ruber Reflected 35.8 48.7 0.7 0.52 
031 G. ruber Transmitted 45.4 38.3 1.2 0.53 
032 G. ruber Reflected 48.6 52.5 0.9 0.53 
032 G. ruber Transmitted 50.9 53.4 1.0 0.54 
033 G. ruber Reflected 41.1 55.5 0.7 0.50 
033 G. ruber Transmitted 46.8 51.6 0.9 0.50 
034 G. ruber Reflected 41.0 39.1 1.0 0.56 
034 G. ruber Transmitted 47.2 39.6 1.2 0.57 
035 G. ruber Reflected 48.5 52.9 0.9 0.53 
035 G. ruber Transmitted 53.9 45.6 1.2 0.55 
036 G. ruber Reflected 66.1 54.6 1.2 0.58 
036 G. ruber Transmitted 66.7 55.1 1.2 0.54 
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Table A3, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Aperture   
Width   Height   
Aperture 
Compression 
(AC) 
Asymmetry 
Ratio     
(Ay) 
037 G. ruber Reflected 159.3 120.8 0.76 0.57 
037 G. ruber Transmitted 153.7 122.4 0.80 0.58 
038 G. ruber Reflected 178.9 125.8 0.70 0.56 
038 G. ruber Transmitted 171.7 126.9 0.74 0.56 
039 G. ruber Reflected 154.6 104.3 0.67 0.54 
039 G. ruber Transmitted 148.6 111.1 0.75 0.52 
040 G. ruber Reflected 136.2 103.8 0.76 0.51 
040 G. ruber Transmitted 132.7 99.9 0.75 0.55 
041 G. ruber Reflected 221.0 165.2 0.75 0.54 
041 G. ruber Transmitted 216.8 164.6 0.76 0.54 
042 G. ruber Reflected 208.0 164.0 0.79 0.53 
042 G. ruber Transmitted 199.1 165.2 0.83 0.56 
043 G. ruber Reflected 192.8 150.8 0.78 0.56 
043 G. ruber Transmitted 192.6 149.3 0.78 0.50 
044 G. ruber Reflected 194.7 130.2 0.67 0.55 
044 G. ruber Transmitted 191.6 130.4 0.68 0.54 
045 G. ruber Reflected 209.1 152.2 0.73 0.50 
045 G. ruber Transmitted 204.6 156.6 0.77 0.55 
046 G. ruber Reflected 184.6 125.0 0.68 0.53 
046 G. ruber Transmitted 183.3 125.5 0.68 0.51 
047 G. ruber Reflected 157.2 108.8 0.69 0.55 
047 G. ruber Transmitted 159.1 110.4 0.69 0.56 
048 G. ruber Reflected 229.7 175.1 0.76 0.51 
048 G. ruber Transmitted 228.9 180.0 0.79 0.53 
049 G. ruber Reflected 201.6 146.3 0.73 0.52 
049 G. ruber Transmitted 195.0 134.6 0.69 0.57 
050 G. ruber Reflected 232.0 186.7 0.80 0.52 
050 G. ruber Transmitted 227.4 186.7 0.82 0.51 
051 G. ruber Reflected 189.0 135.8 0.72 0.55 
051 G. ruber Transmitted 187.5 132.1 0.70 0.54 
052 G. ruber Reflected 175.4 118.3 0.67 0.53 
052 G. ruber Transmitted 175.3 117.8 0.67 0.53 
053 G. ruber Reflected 188.8 113.4 0.60 0.54 
053 G. ruber Transmitted 184.9 121.5 0.66 0.52 
054 G. ruber Reflected 161.7 112.8 0.70 0.52 
054 G. ruber Transmitted 159.8 107.6 0.67 0.51 
       
118 
 
Table A3, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Aperture   
Width   Height   
Aperture 
Compression 
(AC) 
Asymmetry 
Ratio     
(Ay) 
055 G. ruber Reflected 177.5 128.4 0.72 0.52 
055 G. ruber Transmitted 175.7 133.5 0.76 0.51 
056 G. ruber Reflected 176.2 143.8 0.82 0.61 
056 G. ruber Transmitted 174.7 127.6 0.73 0.53 
057 G. ruber Reflected 179.7 120.4 0.67 0.50 
057 G. ruber Transmitted 180.4 122.5 0.68 0.51 
058 G. ruber Reflected 159.6 111.4 0.70 0.58 
058 G. ruber Transmitted 154.2 109.9 0.71 0.52 
059 G. ruber Reflected 215.7 164.6 0.76 0.51 
059 G. ruber Transmitted 213.3 161.5 0.76 0.51 
060 G. ruber Reflected 187.9 143.4 0.76 0.51 
060 G. ruber Transmitted 192.6 142.2 0.74 0.51 
061 G. ruber Reflected 168.1 113.1 0.67 0.58 
061 G. ruber Transmitted 169.5 125.2 0.74 0.53 
062 G. ruber Reflected 133.3 88.9 0.67 0.60 
062 G. ruber Transmitted 132.4 98.0 0.74 0.52 
063 G. ruber Reflected 174.4 129.2 0.74 0.57 
063 G. ruber Transmitted 172.0 127.5 0.74 0.51 
064 G. ruber Reflected 217.2 170.7 0.79 0.52 
064 G. ruber Transmitted 219.2 157.9 0.72 0.51 
065 G. ruber Reflected 213.7 151.7 0.71 0.53 
065 G. ruber Transmitted 222.8 164.9 0.74 0.52 
001 G. elongatus Reflected 140.4 92.9 0.66 0.60 
001 G. elongatus Transmitted 140.6 94.5 0.67 0.58 
002 G. elongatus Reflected 200.0 115.8 0.58 0.63 
002 G. elongatus Transmitted 199.2 115.7 0.58 0.61 
003 G. elongatus Reflected 167.9 114.4 0.68 0.69 
003 G. elongatus Transmitted 170.8 116.5 0.68 0.70 
004 G. elongatus Reflected 164.9 120.4 0.73 0.50 
004 G. elongatus Transmitted 165.8 121.0 0.73 0.51 
005 G. elongatus Reflected 206.9 126.5 0.61 0.52 
005 G. elongatus Transmitted 206.6 127.0 0.61 0.58 
006 G. elongatus Reflected 154.0 111.1 0.72 0.66 
006 G. elongatus Transmitted 161.4 108.5 0.67 0.71 
007 G. elongatus Reflected 197.1 140.9 0.72 0.98 
007 G. elongatus Transmitted 191.7 139.7 0.73 0.63 
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Table A3, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Aperture   
Width   Height   
Aperture 
Compression 
(AC) 
Asymmetry 
Ratio     
(Ay) 
008 G. elongatus Reflected 132.3 82.2 0.62 0.59 
008 G. elongatus Transmitted 137.2 86.9 0.63 0.60 
009 G. elongatus Reflected 145.9 104.3 0.72 0.61 
009 G. elongatus Transmitted 147.3 101.7 0.69 0.51 
010 G. elongatus Reflected 163.2 98.6 0.60 0.94 
010 G. elongatus Transmitted 165.2 100.0 0.61 0.67 
011 G. elongatus Reflected 167.5 101.6 0.61 0.53 
011 G. elongatus Transmitted 164.5 94.5 0.57 0.54 
012 G. elongatus Reflected 134.6 82.6 0.61 0.66 
012 G. elongatus Transmitted 136.8 88.0 0.64 0.55 
013 G. elongatus Reflected 164.1 104.6 0.64 0.55 
013 G. elongatus Transmitted 165.8 99.6 0.60 0.58 
014 G. elongatus Reflected 129.6 85.7 0.66 0.52 
014 G. elongatus Transmitted 128.4 79.7 0.62 0.52 
015 G. elongatus Reflected 144.5 97.1 0.67 0.57 
015 G. elongatus Transmitted 146.1 101.0 0.69 0.73 
016 G. elongatus Reflected 120.2 76.0 0.63 0.52 
016 G. elongatus Transmitted 119.1 73.2 0.61 0.61 
017 G. elongatus Reflected 182.6 115.7 0.63 0.51 
017 G. elongatus Transmitted 181.9 115.8 0.64 0.57 
018 G. elongatus Reflected 169.3 111.3 0.66 0.64 
018 G. elongatus Transmitted 169.9 99.9 0.59 0.68 
019 G. elongatus Reflected 218.2 138.4 0.63 0.57 
019 G. elongatus Transmitted 220.4 139.5 0.63 0.54 
020 G. elongatus Reflected 165.6 112.4 0.68 0.52 
020 G. elongatus Transmitted 157.4 101.7 0.65 0.51 
021 G. elongatus Reflected 225.1 140.7 0.63 0.62 
021 G. elongatus Transmitted 227.2 143.1 0.63 0.64 
022 G. elongatus Reflected 141.4 86.1 0.61 0.69 
022 G. elongatus Transmitted 144.4 92.6 0.64 0.95 
023 G. elongatus Reflected 189.2 115.9 0.61 0.62 
023 G. elongatus Transmitted 189.3 111.3 0.59 0.62 
024 G. elongatus Reflected 202.6 122.6 0.60 0.54 
024 G. elongatus Transmitted 204.5 120.2 0.59 0.65 
025 G. elongatus Reflected 133.4 62.2 0.47 0.59 
025 G. elongatus Transmitted 134.1 62.2 0.46 0.60 
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Table A3, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Aperture   
Width   Height   
Aperture 
Compression 
(AC) 
Asymmetry 
Ratio     
(Ay) 
026 G. elongatus Reflected 144.4 91.7 0.63 0.66 
026 G. elongatus Transmitted 147.0 86.7 0.59 0.55 
027 G. elongatus Reflected 136.4 77.8 0.57 0.50 
027 G. elongatus Transmitted 136.0 74.7 0.55 0.71 
028 G. elongatus Reflected 245.8 141.6 0.58 0.58 
028 G. elongatus Transmitted 246.9 130.1 0.53 0.65 
029 G. elongatus Reflected 192.0 114.6 0.60 0.54 
029 G. elongatus Transmitted 190.6 112.6 0.59 0.50 
030 G. elongatus Reflected 190.2 108.6 0.57 0.58 
030 G. elongatus Transmitted 186.2 114.6 0.62 0.64 
031 G. elongatus Reflected 192.2 111.4 0.58 0.52 
031 G. elongatus Transmitted 188.6 109.3 0.58 0.62 
032 G. elongatus Reflected 116.7 55.9 0.48 0.72 
032 G. elongatus Transmitted 123.1 63.6 0.52 0.63 
033 G. elongatus Reflected 147.0 76.4 0.52 0.62 
033 G. elongatus Transmitted 148.7 77.6 0.52 0.76 
034 G. elongatus Reflected 151.7 76.8 0.51 0.63 
034 G. elongatus Transmitted 148.0 80.1 0.54 0.51 
035 G. elongatus Reflected 158.3 93.5 0.59 0.59 
035 G. elongatus Transmitted 150.1 92.0 0.61 0.51 
036 G. elongatus Reflected 224.6 125.9 0.56 0.69 
036 G. elongatus Transmitted 229.7 130.4 0.57 0.54 
037 G. elongatus Reflected 150.8 81.0 0.54 0.58 
037 G. elongatus Transmitted 151.7 79.5 0.52 0.61 
038 G. elongatus Reflected 174.5 102.4 0.59 0.54 
038 G. elongatus Transmitted 175.6 103.8 0.59 0.57 
039 G. elongatus Reflected 159.9 100.7 0.63 0.55 
039 G. elongatus Transmitted 160.0 89.6 0.56 0.57 
040 G. elongatus Reflected 201.7 113.9 0.56 0.51 
040 G. elongatus Transmitted 198.7 116.4 0.59 0.55 
041 G. elongatus Reflected 130.8 82.9 0.63 0.51 
041 G. elongatus Transmitted 133.2 85.6 0.64 0.58 
042 G. elongatus Reflected 159.5 81.2 0.51 0.61 
042 G. elongatus Transmitted 159.6 85.6 0.54 0.60 
043 G. elongatus Reflected 140.2 81.2 0.58 0.51 
043 G. elongatus Transmitted 140.9 79.6 0.56 0.53 
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Table A3, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Aperture   
Width   Height   
Aperture 
Compression 
(AC) 
Asymmetry 
Ratio     
(Ay) 
044 G. elongatus Reflected 109.5 64.8 0.59 0.53 
044 G. elongatus Transmitted 107.3 59.5 0.55 0.57 
045 G. elongatus Reflected 196.0 117.8 0.60 0.57 
045 G. elongatus Transmitted 192.7 115.4 0.60 0.54 
046 G. elongatus Reflected 166.6 94.9 0.57 0.63 
046 G. elongatus Transmitted 164.4 96.2 0.59 0.59 
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Table A4. Measurements used to determine Compression (Cp), and specimen size on images 
from previous literature. 
Identity Assigned Author Image Type 
Width  
(pixels) 
Height 
(pixels) 
Compression 
(Cp) 
Globigerina 
rubra 
d'Orbigny (1839) Sketch 128.2 103.1 0.80 
Globigerina 
helicina 
Brady (1884) 
Lithograph 
Plate 
95.0 57.0 
0.60 
 
Globigerina 
elongata 
Fornasini (1899) Sketch 248.2 132.7 
0.53 
 
Globigerinoides 
ruber 
Banner and 
Blow (1960) 
Sketch 153.6 118.0 0.77 
Globigerinoides 
elongatus 
Banner and 
Blow (1960) 
Sketch 225.1 144.9 0.64 
Globigerinoides 
ruber sensu 
stricto 
Cordey (1967) Sketch 85.6 61.6 0.72 
Globigerinoides 
ruber sensu 
stricto 
Cordey (1967) Sketch 68.5 49.0 0.72 
Globigerinoides 
ruber sensu lato 
Cordey (1967) Sketch 72.3 46.3 0.64 
Globigerinoides 
elongatus (née 
elongata) 
d’Orbigny 
(1826, IN: 
McCulloch 
1977) 
Sketch 144.8 74.2 0.51 
Globigerinoides 
elongatus (née 
elongata) 
d’Orbigny 
(1826, IN: 
McCulloch 
1977) 
Sketch 190.1 98.0 0.52 
Globigerinoides 
ruber 
Saito (1981) SEM Image 246.6 223.1 0.90 
Globigerinoides 
ruber 
Saito (1981) SEM Image 151.2 114.3 0.76 
Globigerinoides 
ruber 
Loeblich and 
Tappan (1985) 
SEM Image 206.2 151.3 0.73 
Globigerinoides 
ruber 
Loeblich and 
Tappan (1985) 
SEM Image 313.4 220.0 0.70 
Globigerinoides 
ruber sensu 
stricto 
Wang (2000) SEM Image 202.2 177.3 0.88 
Globigerinoides 
ruber sensu lato 
Wang (2000) SEM Image 200.6 138.4 0.69 
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Table A4, Continued 
Identity Assigned Author Image Type 
Width  
(pixels) 
Height 
(pixels) 
Compression 
(Cp) 
Globigerinoides 
ruber sensu lato 
Wang (2000) SEM Image 209.5 120.1 0.57 
Globigerinoides 
ruber sensu 
stricto 
Kawahata (2005) SEM Image 168.1 99.3 0.59 
Globigerinoides 
ruber sensu 
stricto 
Kawahata (2005) SEM Image 146.7 94.3 0.64 
Globigerinoides 
ruber sensu lato 
Kawahata (2005) SEM Image 130.4 77.0 0.59 
Globigerinoides 
ruber sensu lato 
Kawahata (2005) SEM Image 96.1 69.1 0.72 
Globigerinoides 
ruber sensu 
stricto 
Steinke et al. 
(2005) 
SEM Image 216.0 160.5 0.74 
Globigerinoides 
ruber sensu lato 
Steinke et al. 
(2005) 
SEM Image 194.7 113.4 0.58 
Globigerinoides 
ruber sensu lato 
Steinke et al. 
(2005) 
SEM Image 167.3 84.7 0.51 
Globigerinoides 
ruber sensu lato 
Steinke et al. 
(2005) 
SEM Image 156.3 102.7 0.66 
Globigerinoides 
ruber sensu 
stricto 
Löwemark et al. 
(2005) 
SEM Image 152.6 123.9 0.81 
Globigerinoides 
ruber sensu lato 
Löwemark et al. 
(2005) 
SEM Image 134.5 84.6 0.63 
Globigerinoides 
ruber sensu 
stricto 
Kuroyanagi et al. 
(2005) 
SEM Image 293.9 199.1 0.68 
Globigerinoides 
ruber sensu 
stricto 
Kuroyanagi et al. 
(2005) 
SEM Image 299.5 236.6 0.79 
Globigerinoides 
ruber sensu lato 
Kuroyanagi et al. 
(2005) 
SEM Image 262.0 152.3 0.58 
Globigerinoides 
ruber sensu lato 
Kuroyanagi et al. 
(2005) 
SEM Image 354.7 226.0 0.64 
Globigerinoides 
ruber Type a 
"normal" 
Numberger et al. 
(2009) 
SEM Image 107.0 74.1 0.69 
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Table A4, Continued 
Identity Assigned Author Image Type 
Width  
(pixels) 
Height 
(pixels) 
Compression 
(Cp) 
Globigerinoides 
ruber Type b 
"elongate" 
Numberger et al. 
(2009) 
SEM Image 83.4 50.1 0.60 
Genotype IIa/ “G. 
elongatus” 
Aurahs et al. 
(2011) 
Transmitted 
Light Photo 
120.5 58.0 0.48 
Museum spec. 
Globigerinoides 
elongatus 
Aurahs et al. 
(2011) 
Reflected 
Light Photo 
156.1 80.0 0.51 
Museum spec. 
Globigerinoides 
ruber 
Aurahs et al. 
(2011) 
Reflected 
Light Photo 
140.9 133.0 0.94 
Globigerinoides 
ruber sensu 
stricto 
Kontakiotis et al. 
(2017) 
SEM Image 93.9 75.0 0.80 
Globigerinoides 
ruber sensu lato 
Kontakiotis et al. 
(2017) 
SEM Image 99.0 61.4 0.62 
Globigerinoides 
ruber sensu lato 
Kontakiotis et al. 
(2017) 
SEM Image 73.1 47.8 0.65 
Globigerinoides 
ruber sensu lato 
Kontakiotis et al. 
(2017) 
SEM Image 59.2 40.7 0.69 
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Table A5. Measurements used to determine Aperture compression (AC) and Asymmetry (Ay) on 
images from previous literature. 
Identity Assigned Author 
Aperture          
Width     Height   
Aperture 
Compression 
(AC) 
Asymmetry 
Ratio     
(Ay) 
Globigerina 
rubra 
d'Orbigny (1839) 37.5 31.3 0.84 0.52 
Globigerina 
helicina 
Brady (1884, IN: 
Jones 1994) 
28.6 23.0 0.80 0.55 
Globigerina 
elongata 
Fornasini (1899) 105.0 70.9 0.68 0.85 
Globigerinoides 
ruber 
Banner and 
Blow (1960) 
66.0 44.0 0.67 0.54 
Globigerinoides 
elongatus 
Banner and 
Blow (1960) 
48.0 65.3 1.36 0.65 
Globigerinoides 
ruber sensu 
stricto 
Cordey (1967) 32.1 15.4 0.48 0.57 
Globigerinoides 
ruber sensu 
stricto 
Cordey (1967) 38.1 26.0 0.68 0.51 
Globigerinoides 
ruber sensu lato 
Cordey (1967) 33.6 21.1 0.63 0.51 
Globigerinoides 
elongatus (née 
elongata) 
d’Orbigny 
(1826, IN: 
McCulloch 
1977) 
35.0 38.2 1.09 0.55 
Globigerinoides 
elongatus (née 
elongata) 
d’Orbigny 
(1826, IN: 
McCulloch 
1977) 
51.9 50.2 0.97 0.57 
Globigerinoides 
ruber 
Saito (1981) 129.8 97.4 0.75 0.57 
Globigerinoides 
ruber 
Saito (1981) 68.1 74.1 1.09 0.68 
Globigerinoides 
ruber 
Loeblich and 
Tappan (1985) 
76.8 67.2 0.88 0.54 
Globigerinoides 
ruber 
Loeblich and 
Tappan (1985) 
127.0 116.2 0.91 0.56 
Globigerinoides 
ruber sensu 
stricto 
Wang (2000) 102.5 62.8 0.61 0.50 
Globigerinoides 
ruber sensu lato 
Wang (2000) 93.0 72.2 0.78 0.62 
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Table A5, Continued 
Identity Assigned Author 
Aperture          
Width     Height   
Aperture 
Compression 
(AC) 
Asymmetry 
Ratio     
(Ay) 
Globigerinoides 
ruber sensu lato 
Wang (2000) 73.2 76.1 1.04 0.50 
Globigerinoides 
ruber sensu 
stricto 
Kawahata (2005) 54.3 49.8 0.92 0.55 
Globigerinoides 
ruber sensu 
stricto 
Kawahata (2005) 54.0 51.4 0.95 0.55 
Globigerinoides 
ruber sensu lato 
Kawahata (2005) 46.1 52.0 1.13 0.50 
Globigerinoides 
ruber sensu lato 
Kawahata (2005) 36.1 40.4 1.12 0.50 
Globigerinoides 
ruber sensu 
stricto 
Steinke et al. 
(2005) 
78.0 66.1 0.85 0.51 
Globigerinoides 
ruber sensu lato 
Steinke et al. 
(2005) 
72.9 53.6 0.74 0.66 
Globigerinoides 
ruber sensu lato 
Steinke et al. 
(2005) 
50.2 46.8 0.93 0.65 
Globigerinoides 
ruber sensu lato 
Steinke et al. 
(2005) 
56.0 44.3 0.79 0.54 
Globigerinoides 
ruber sensu 
stricto 
Löwemark et al. 
(2005) 
49.0 49.2 1.00 0.63 
Globigerinoides 
ruber sensu lato 
Löwemark et al. 
(2005) 
34.6 44.7 1.29 0.64 
Globigerinoides 
ruber sensu 
stricto 
Kuroyanagi et al. 
(2005) 
93.4 100.1 1.07 0.53 
Globigerinoides 
ruber sensu 
stricto 
Kuroyanagi et al. 
(2005) 
96.8 79.5 0.82 0.54 
Globigerinoides 
ruber sensu lato 
Kuroyanagi et al. 
(2005) 
85.4 99.3 1.16 0.52 
Globigerinoides 
ruber sensu lato 
Kuroyanagi et al. 
(2005) 
135.3 117.1 0.87 0.53 
Globigerinoides 
ruber Type a 
"normal" 
Numberger et al. 
(2009) 
47.5 37.5 0.79 0.50 
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Table A5, Continued 
Identity Assigned Author 
Aperture          
Width     Height   
Aperture 
Compression 
(AC) 
Asymmetry 
Ratio     
(Ay) 
Globigerinoides 
ruber Type b 
"elongate" 
Numberger et al. 
(2009) 
21.0 27.0 1.29 0.71  
Genotype IIa/ “G. 
elongatus” 
Aurahs et al. 
(2011) 
23.3 17.4 0.74 0.53 
Museum spec. 
Globigerinoides 
elongatus 
Aurahs et al. 
(2011) 
51.0 45.0 0.88 0.53 
Museum spec. 
Globigerinoides 
ruber 
Aurahs et al. 
(2011) 
52.8 51.3 0.97 0.57 
Globigerinoides 
ruber sensu 
stricto 
Kontakiotis et al. 
(2017) 
40.8 24.4 0.60 0.51 
Globigerinoides 
ruber sensu lato 
Kontakiotis et al. 
(2017) 
23.5 25.7 1.09 0.70 
Globigerinoides 
ruber sensu lato 
Kontakiotis et al. 
(2017) 
37.1 32.1 0.86 0.58 
Globigerinoides 
ruber sensu lato 
Kontakiotis et al. 
(2017) 
28.1 26.3 0.94 0.56 
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Table A6. Measurements used to determine Compression (Cp), and specimen size on pink 
chromotype Globigerinoides samples from this study. 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Width  
(µm) 
Height 
(µm) 
Compression 
(Cp) 
Specimen 
size 
001 G. ruber pink Reflected 263.9 189.9 0.72 347.1 
001 G. ruber pink Transmitted 264.8 176.5 0.67 351.6 
002 G. ruber pink Reflected 278.0 223.4 0.80 384.2 
002 G. ruber pink Transmitted 281.0 219.5 0.78 387.6 
003 G. ruber pink Reflected 249.7 184.5 0.74 330.2 
003 G. ruber pink Transmitted 244.3 186.5 0.76 331.8 
004 G. ruber pink Reflected 194.6 117.4 0.60 258.8 
004 G. ruber pink Transmitted 192.8 121.4 0.63 257.8 
005 G. ruber pink Reflected 260.8 192.6 0.74 328.2 
005 G. ruber pink Transmitted 258.9 193.3 0.75 324.6 
006 G. ruber pink Reflected 238.7 176.6 0.74 307.2 
006 G. ruber pink Transmitted 240.1 179.3 0.75 316.0 
007 G. ruber pink Reflected 201.9 141.0 0.70 269.5 
007 G. ruber pink Transmitted 201.6 144.1 0.71 258.8 
008 G. ruber pink Reflected 223.4 141.5 0.63 299.3 
008 G. ruber pink Transmitted 220.2 130.4 0.59 297.9 
009 G. ruber pink Reflected 279.1 203.8 0.73 362.8 
009 G. ruber pink Transmitted 278.7 203.7 0.73 368.0 
010 G. ruber pink Reflected 334.4 250.9 0.75 418.6 
010 G. ruber pink Transmitted 332.7 259.8 0.78 413.7 
011 G. ruber pink Reflected 221.8 187.2 0.84 300.3 
011 G. ruber pink Transmitted 216.7 181.2 0.84 296.9 
012 G. ruber pink Reflected 243.9 177.5 0.73 343.3 
012 G. ruber pink Transmitted 241.8 175.6 0.73 348.6 
013 G. ruber pink Reflected 215.9 138.5 0.64 288.3 
013 G. ruber pink Transmitted 213.1 135.4 0.64 281.9 
014 G. ruber pink Reflected 280.8 193.9 0.69 377.4 
014 G. ruber pink Transmitted 282.1 191.7 0.68 382.1 
015 G. ruber pink Reflected 255.8 186.7 0.73 348.2 
015 G. ruber pink Transmitted 252.0 188.2 0.75 342.2 
016 G. ruber pink Reflected 219.8 168.6 0.77 298.1 
016 G. ruber pink Transmitted 221.1 165.0 0.75 292.9 
017 G. ruber pink Reflected 218.7 181.6 0.83 277.1 
017 G. ruber pink Transmitted 215.6 171.5 0.80 271.8 
018 G. ruber pink Reflected 329.3 277.5 0.84 436.1 
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Table A6, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Width  
(µm) 
Height 
(µm) 
Compression 
(Cp) 
Specimen 
size 
018 G. ruber pink Transmitted 329.4 262.1 0.80 427.0 
019 G. ruber pink Reflected 199.6 140.5 0.70 252.6 
019 G. ruber pink Transmitted 193.6 135.4 0.70 252.8 
020 G. ruber pink Reflected 171.7 112.6 0.66 223.8 
020 G. ruber pink Transmitted 171.5 103.4 0.60 217.2 
021 G. ruber pink Reflected 170.8 107.3 0.63 208.6 
021 G. ruber pink Transmitted 176.0 105.2 0.60 213.6 
022 G. ruber pink Reflected 203.0 149.6 0.74 264.4 
022 G. ruber pink Transmitted 203.6 141.5 0.70 256.0 
023 G. ruber pink Reflected 152.2 104.7 0.69 191.0 
023 G. ruber pink Transmitted 147.1 102.2 0.69 191.9 
024 G. ruber pink Reflected 227.6 147.5 0.65 317.2 
024 G. ruber pink Transmitted 227.5 150.8 0.66 315.6 
025 G. ruber pink Reflected 202.3 156.5 0.77 293.3 
025 G. ruber pink Transmitted 188.5 144.5 0.77 276.8 
026 G. ruber pink Reflected 183.0 115.0 0.63 227.9 
026 G. ruber pink Transmitted 179.9 111.4 0.62 226.9 
027 G. ruber pink Reflected 255.5 183.3 0.72 351.8 
027 G. ruber pink Transmitted 253.5 172.5 0.68 349.1 
028 G. ruber pink Reflected 158.4 90.7 0.57 191.1 
028 G. ruber pink Transmitted 162.5 87.3 0.54 194.0 
029 G. ruber pink Reflected 172.0 125.7 0.73 216.7 
029 G. ruber pink Transmitted 160.3 121.1 0.76 209.9 
030 G. ruber pink Reflected 178.0 151.3 0.85 223.5 
030 G. ruber pink Transmitted 170.8 137.4 0.80 229.1 
031 G. ruber pink Reflected 164.9 106.5 0.65 239.2 
031 G. ruber pink Transmitted 160.9 104.6 0.65 239.8 
032 G. ruber pink Reflected 250.3 169.9 0.68 354.4 
032 G. ruber pink Transmitted 241.4 166.7 0.69 343.7 
033 G. ruber pink Reflected 186.3 176.3 0.95 263.6 
033 G. ruber pink Transmitted 179.6 114.3 0.64 250.3 
034 G. ruber pink Reflected 197.5 125.1 0.63 293.4 
034 G. ruber pink Transmitted 187.6 119.4 0.64 287.9 
035 G. ruber pink Reflected 161.0 112.0 0.70 213.0 
035 G. ruber pink Transmitted 157.5 105.5 0.67 202.3 
036 G. ruber pink Reflected 158.9 117.9 0.74 204.4 
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Table A6, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Width  
(µm) 
Height 
(µm) 
Compression 
(Cp) 
Specimen 
size 
036 G. ruber pink Transmitted 155.7 115.6 0.74 204.9 
037 G. ruber pink Reflected 191.2 132.6 0.69 249.8 
037 G. ruber pink Transmitted 191.8 131.1 0.68 244.4 
038 G. ruber pink Reflected 213.5 130.9 0.61 254.9 
038 G. ruber pink Transmitted 205.0 138.3 0.67 257.3 
039 G. ruber pink Reflected 185.6 132.4 0.71 223.4 
039 G. ruber pink Transmitted 179.5 129.7 0.72 217.3 
040 G. ruber pink Reflected 151.9 109.5 0.72 196.9 
040 G. ruber pink Transmitted 152.5 114.5 0.75 190.3 
041 G. ruber pink Reflected 230.1 167.8 0.73 339.7 
041 G. ruber pink Transmitted 227.5 157.0 0.69 342.4 
042 G. ruber pink Reflected 217.7 161.5 0.74 292.8 
042 G. ruber pink Transmitted 214.7 154.4 0.72 287.1 
043 G. ruber pink Reflected 197.4 135.0 0.68 231.4 
043 G. ruber pink Transmitted 189.9 116.1 0.61 219.0 
044 G. ruber pink Reflected 266.2 171.6 0.64 363.5 
044 G. ruber pink Transmitted 267.1 183.6 0.69 361.7 
045 G. ruber pink Reflected 190.8 118.5 0.62 237.4 
045 G. ruber pink Transmitted 186.7 121.7 0.65 226.9 
046 G. ruber pink Reflected 176.8 111.3 0.63 226.7 
046 G. ruber pink Transmitted 181.0 114.7 0.63 225.7 
047 G. ruber pink Reflected 248.8 163.3 0.66 299.3 
047 G. ruber pink Transmitted 244.8 159.3 0.65 298.3 
048 G. ruber pink Reflected 181.7 136.2 0.75 262.0 
048 G. ruber pink Transmitted 174.6 135.5 0.78 254.9 
049 G. ruber pink Reflected 183.8 123.7 0.67 213.4 
049 G. ruber pink Transmitted 183.7 116.0 0.63 215.4 
050 G. ruber pink Reflected 153.1 93.6 0.61 175.0 
050 G. ruber pink Transmitted 151.5 92.0 0.61 177.6 
051 G. ruber pink Reflected 166.0 105.4 0.63 230.8 
051 G. ruber pink Transmitted 164.6 105.4 0.64 227.8 
052 G. ruber pink Reflected 130.5 98.0 0.75 178.4 
052 G. ruber pink Transmitted 129.1 97.7 0.76 173.6 
053 G. ruber pink Reflected 209.5 153.5 0.73 243.1 
053 G. ruber pink Transmitted 206.5 144.0 0.70 241.3 
054 G. ruber pink Reflected 174.1 88.9 0.51 204.8 
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Table A6, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Width  
(µm) 
Height 
(µm) 
Compression 
(Cp) 
Specimen 
size 
054 G. ruber pink Transmitted 175.5 102.3 0.58 208.0 
055 G. ruber pink Reflected 197.1 120.4 0.61 273.1 
055 G. ruber pink Transmitted 191.5 117.9 0.62 274.2 
056 G. ruber pink Reflected 169.2 118.1 0.70 199.5 
056 G. ruber pink Transmitted 167.5 112.9 0.67 199.9 
057 G. ruber pink Reflected 169.5 101.7 0.60 245.0 
057 G. ruber pink Transmitted 163.7 99.0 0.61 240.8 
058 G. ruber pink Reflected 154.2 95.6 0.62 182.4 
058 G. ruber pink Transmitted 150.9 93.2 0.62 181.4 
059 G. ruber pink Reflected 207.8 136.6 0.66 284.3 
059 G. ruber pink Transmitted 206.6 130.4 0.63 274.2 
060 G. ruber pink Reflected 206.7 143.8 0.70 260.5 
060 G. ruber pink Transmitted 196.0 137.4 0.70 252.3 
061 G. ruber pink Reflected 164.9 126.1 0.76 217.0 
061 G. ruber pink Transmitted 169.5 124.6 0.74 223.1 
062 G. ruber pink Reflected 164.4 100.4 0.61 224.3 
062 G. ruber pink Transmitted 159.6 96.3 0.60 218.2 
063 G. ruber pink Reflected 173.6 101.7 0.59 217.3 
063 G. ruber pink Transmitted 169.3 102.3 0.60 214.0 
064 G. ruber pink Reflected 174.6 113.4 0.65 198.7 
064 G. ruber pink Transmitted 168.8 110.4 0.65 192.3 
065 G. ruber pink Reflected 150.4 79.3 0.53 220.7 
065 G. ruber pink Transmitted 146.8 78.3 0.53 217.8 
065 G. ruber pink Reflected 170.6 112.5 0.66 209.2 
065 G. ruber pink Transmitted 171.5 106.9 0.62 207.0 
066 G. ruber pink Reflected 187.9 123.0 0.65 227.9 
066 G. ruber pink Transmitted 191.0 124.7 0.65 235.5 
067 G. ruber pink Reflected 151.5 102.4 0.68 210.1 
067 G. ruber pink Transmitted 145.8 102.2 0.70 201.3 
068 G. ruber pink Reflected 181.3 120.5 0.66 230.7 
068 G. ruber pink Transmitted 176.7 116.9 0.66 234.6 
069 G. ruber pink Reflected 140.1 88.7 0.63 183.9 
069 G. ruber pink Transmitted 137.4 95.8 0.70 177.0 
070 G. ruber pink Reflected 270.4 189.7 0.70 329.0 
070 G. ruber pink Transmitted 268.9 187.2 0.70 323.8 
071 G. ruber pink Reflected 197.1 120.4 0.61 273.1 
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Table A6, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Width  
(µm) 
Height 
(µm) 
Compression 
(Cp) 
Specimen 
size 
071 G. ruber pink Transmitted 191.5 117.9 0.62 274.2 
072 G. ruber pink Reflected 196.6 124.4 0.63 264.6 
072 G. ruber pink Transmitted 193.7 122.4 0.63 256.2 
073 G. ruber pink Reflected 199.0 115.2 0.58 243.5 
073 G. ruber pink Transmitted 193.2 136.6 0.71 242.9 
074 G. ruber pink Reflected 241.7 121.8 0.50 320.0 
074 G. ruber pink Transmitted 242.8 135.9 0.56 313.0 
075 G. ruber pink Reflected 126.3 94.4 0.75 163.5 
075 G. ruber pink Transmitted 128.4 99.3 0.77 161.5 
076 G. ruber pink Reflected 230.1 174.1 0.76 318.0 
076 G. ruber pink Transmitted 225.7 172.5 0.76 324.2 
077 G. ruber pink Reflected 215.0 142.5 0.66 272.8 
077 G. ruber pink Transmitted 212.6 120.4 0.57 263.9 
078 G. ruber pink Reflected 279.9 214.0 0.76 358.1 
078 G. ruber pink Transmitted 273.4 203.9 0.75 355.1 
079 G. ruber pink Reflected 208.1 165.2 0.79 305.8 
079 G. ruber pink Transmitted 206.2 164.5 0.80 298.0 
080 G. ruber pink Reflected 231.8 145.4 0.63 274.0 
080 G. ruber pink Transmitted 228.2 140.5 0.62 265.9 
081 G. ruber pink Reflected 218.0 146.6 0.67 258.7 
081 G. ruber pink Transmitted 208.2 150.3 0.72 253.6 
082 G. ruber pink Reflected 212.6 148.8 0.70 282.6 
082 G. ruber pink Transmitted 211.7 145.8 0.69 282.8 
083 G. ruber pink Reflected 228.8 141.2 0.62 289.6 
083 G. ruber pink Transmitted 227.2 138.7 0.61 292.0 
084 G. ruber pink Reflected 145.7 92.7 0.64 191.2 
084 G. ruber pink Transmitted 140.4 93.2 0.66 181.3 
085 G. ruber pink Reflected 232.7 134.8 0.58 278.0 
085 G. ruber pink Transmitted 231.8 140.6 0.61 273.2 
086 G. ruber pink Reflected 185.3 116.6 0.63 234.4 
086 G. ruber pink Transmitted 178.1 116.5 0.65 234.1 
087 G. ruber pink Reflected 185.7 133.3 0.72 219.1 
087 G. ruber pink Transmitted 181.6 129.6 0.71 214.7 
088 G. ruber pink Reflected 162.8 101.3 0.62 191.4 
088 G. ruber pink Transmitted 165.7 99.5 0.60 186.7 
089 G. ruber pink Reflected 153.5 112.0 0.73 177.9 
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Table A6, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Width  
(µm) 
Height 
(µm) 
Compression 
(Cp) 
Specimen 
size 
089 G. ruber pink Transmitted 155.5 114.2 0.73 180.1 
090 G. ruber pink Reflected 180.0 111.4 253.8 0.62 
090 G. ruber pink Transmitted 171.8 118.4 239.5 0.69 
091 G. ruber pink Reflected 249.8 174.9 313.8 0.70 
091 G. ruber pink Transmitted 250.9 174.3 318.3 0.69 
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Table A7. Measurements used to determine Aperture compression (AC) and Asymmetry (Ay) on 
pink chromotype Globigerinoides samples from this study. 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Aperture      
Width   Height 
Aperture 
Compression 
(AC) 
Asymmetry 
Ratio     
(Ay) 
001 G. ruber pink Reflected 270.3 228.1 0.84 0.57 
001 G. ruber pink Transmitted 252.0 294.1 1.17 0.54 
002 G. ruber pink Reflected 373.5 268.5 0.72 0.54 
002 G. ruber pink Transmitted 377.4 280.3 0.74 0.52 
003 G. ruber pink Reflected 388.7 279.7 0.72 0.55 
003 G. ruber pink Transmitted 368.3 288.4 0.78 0.55 
004 G. ruber pink Reflected 168.1 171.4 1.02 0.56 
004 G. ruber pink Transmitted 177.6 183.1 1.03 0.58 
005 G. ruber pink Reflected 233.0 193.0 0.83 0.56 
005 G. ruber pink Transmitted 264.0 204.0 0.77 0.59 
006 G. ruber pink Reflected 208.1 146.5 0.70 0.55 
006 G. ruber pink Transmitted 204.8 148.2 0.72 0.53 
007 G. ruber pink Reflected 158.9 180.2 1.13 0.53 
007 G. ruber pink Transmitted 177.1 195.2 1.10 0.53 
008 G. ruber pink Reflected 144.3 127.3 0.88 0.51 
008 G. ruber pink Transmitted 153.0 139.6 0.91 0.53 
009 G. ruber pink Reflected 344.4 300.1 0.87 0.60 
009 G. ruber pink Transmitted 325.6 308.4 0.95 0.62 
010 G. ruber pink Reflected 483.3 298.1 0.62 0.50 
010 G. ruber pink Transmitted 471.5 345.3 0.73 0.51 
011 G. ruber pink Reflected 230.0 180.1 0.78 0.50 
011 G. ruber pink Transmitted 251.2 187.2 0.75 0.51 
012 G. ruber pink Reflected 313.7 219.1 0.70 0.54 
012 G. ruber pink Transmitted 294.6 192.6 0.65 0.57 
013 G. ruber pink Reflected 254.6 245.2 0.96 0.55 
013 G. ruber pink Transmitted 257.1 229.5 0.89 0.59 
014 G. ruber pink Reflected 172.4 140.5 0.81 0.58 
014 G. ruber pink Transmitted 153.3 148.4 0.97 0.59 
015 G. ruber pink Reflected 253.0 234.3 0.93 0.57 
015 G. ruber pink Transmitted 251.6 236.2 0.94 0.53 
016 G. ruber pink Reflected 264.4 241.9 0.91 0.53 
016 G. ruber pink Transmitted 240.8 243.3 1.01 0.53 
017 G. ruber pink Reflected 249.0 189.1 0.76 0.54 
017 G. ruber pink Transmitted 240.9 163.4 0.68 0.50 
018 G. ruber pink Reflected 549.1 272.0 0.50 0.55 
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Table A7, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Aperture      
Width   Height 
Aperture 
Compression 
(AC) 
Asymmetry 
Ratio     
(Ay) 
018 G. ruber pink Transmitted 553.11 252.0 0.46 0.52 
019 G. ruber pink Reflected 187.2 160.4 0.86 0.57 
019 G. ruber pink Transmitted 189.0 138.8 0.73 0.55 
020 G. ruber pink Reflected 152.1 160.0 1.05 0.54 
020 G. ruber pink Transmitted 160.8 181.6 1.13 0.52 
021 G. ruber pink Reflected 64.5 56.0 0.87 0.58 
021 G. ruber pink Transmitted 82.4 62.1 0.75 0.56 
022 G. ruber pink Reflected 189.1 195.6 1.03 0.63 
022 G. ruber pink Transmitted 181.2 186.0 1.03 0.55 
023 G. ruber pink Reflected 114.0 87.5 0.77 0.58 
023 G. ruber pink Transmitted 88.2 80.8 0.92 0.63 
024 G. ruber pink Reflected 216.3 224.0 1.04 0.50 
024 G. ruber pink Transmitted 195.8 198.0 1.01 0.52 
025 G. ruber pink Reflected 184.2 237.7 1.29 0.59 
025 G. ruber pink Transmitted 176.1 204.0 1.16 0.63 
026 G. ruber pink Reflected 208.9 193.9 0.93 0.52 
026 G. ruber pink Transmitted 217.0 192.0 0.88 0.52 
027 G. ruber pink Reflected 344.1 292.1 0.85 0.55 
027 G. ruber pink Transmitted 344.2 272.1 0.79 0.50 
028 G. ruber pink Reflected 97.9 107.5 1.10 0.61 
028 G. ruber pink Transmitted 93.1 96.2 1.03 0.56 
029 G. ruber pink Reflected 192.6 170.2 0.88 0.54 
029 G. ruber pink Transmitted 175.6 168.7 0.96 0.52 
030 G. ruber pink Reflected 109.1 72.6 0.67 0.58 
030 G. ruber pink Transmitted 111.6 78.9 0.71 0.60 
031 G. ruber pink Reflected 213.5 212.5 1.00 0.60 
031 G. ruber pink Transmitted 214.8 204.0 0.95 0.60 
032 G. ruber pink Reflected 320.4 320.2 1.00 0.53 
032 G. ruber pink Transmitted 315.1 295.9 0.94 0.54 
033 G. ruber pink Reflected 227.9 615.4 2.70 0.63 
033 G. ruber pink Transmitted 241.5 218.1 0.90 0.56 
034 G. ruber pink Reflected 212.6 209.7 0.99 0.55 
034 G. ruber pink Transmitted 199.8 200.1 1.00 0.54 
035 G. ruber pink Reflected 109.0 141.8 1.30 0.58 
035 G. ruber pink Transmitted 120.1 126.9 1.06 0.54 
036 G. ruber pink Reflected 138.0 109.5 0.79 0.56 
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Table A7, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Aperture      
Width   Height 
Aperture 
Compression 
(AC) 
Asymmetry 
Ratio     
(Ay) 
036 G. ruber pink Transmitted 132.0 117.9 0.89 0.59 
037 G. ruber pink Reflected 193.6 151.5 0.78 0.53 
037 G. ruber pink Transmitted 192.0 156.0 0.81 0.54 
038 G. ruber pink Reflected 106.1 148.4 1.40 0.51 
038 G. ruber pink Transmitted 107.7 114.2 1.06 0.54 
039 G. ruber pink Reflected 143.6 120.3 0.84 0.58 
039 G. ruber pink Transmitted 146.3 115.9 0.79 0.60 
040 G. ruber pink Reflected 159.8 123.5 0.77 0.54 
040 G. ruber pink Transmitted 160.0 142.9 0.89 0.55 
041 G. ruber pink Reflected 301.7 265.9 0.88 0.54 
041 G. ruber pink Transmitted 294.7 244.8 0.83 0.54 
042 G. ruber pink Reflected 213.2 186.0 0.87 0.58 
042 G. ruber pink Transmitted 210.3 173.6 0.83 0.61 
043 G. ruber pink Reflected 84.9 86.0 1.01 0.51 
043 G. ruber pink Transmitted 94.1 90.0 0.96 0.54 
044 G. ruber pink Reflected 153.5 123.1 0.80 0.53 
044 G. ruber pink Transmitted 141.3 135.5 0.96 0.51 
045 G. ruber pink Reflected 112.6 68.0 0.60 0.53 
045 G. ruber pink Transmitted 98.1 50.0 0.51 0.51 
046 G. ruber pink Reflected 246.2 228.5 0.93 0.56 
046 G. ruber pink Transmitted 252.4 246.5 0.98 0.51 
047 G. ruber pink Reflected 108.0 97.7 0.90 0.63 
047 G. ruber pink Transmitted 135.1 114.6 0.85 0.61 
048 G. ruber pink Reflected 191.4 145.5 0.76 0.60 
048 G. ruber pink Transmitted 195.6 132.5 0.68 0.59 
049 G. ruber pink Reflected 156.5 163.4 1.04 0.53 
049 G. ruber pink Transmitted 162.4 153.7 0.95 0.57 
050 G. ruber pink Reflected 100.6 96.7 0.96 0.56 
050 G. ruber pink Transmitted 98.3 88.8 0.90 0.56 
051 G. ruber pink Reflected 115.0 142.6 1.24 0.63 
051 G. ruber pink Transmitted 132.8 123.9 0.93 0.60 
052 G. ruber pink Reflected 100.3 108.1 1.08 0.62 
052 G. ruber pink Transmitted 87.5 104.9 1.20 0.61 
053 G. ruber pink Reflected 252.5 186.3 0.74 0.54 
053 G. ruber pink Transmitted 243.6 168.4 0.69 0.55 
054 G. ruber pink Reflected 70.0 76.1 1.09 0.54 
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Table A7, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Aperture      
Width   Height 
Aperture 
Compression 
(AC) 
Asymmetry 
Ratio     
(Ay) 
054 G. ruber pink Transmitted 74.2 80.0 1.08 0.51 
055 G. ruber pink Reflected 244.1 232.0 0.95 0.52 
055 G. ruber pink Transmitted 232.6 237.2 1.02 0.54 
056 G. ruber pink Reflected 145.5 162.7 1.12 0.58 
056 G. ruber pink Transmitted 150.3 141.0 0.94 0.54 
057 G. ruber pink Reflected 96.3 104.0 1.08 0.50 
057 G. ruber pink Transmitted 125.0 132.1 1.06 0.53 
058 G. ruber pink Reflected 44.6 59.8 1.34 0.53 
058 G. ruber pink Transmitted 57.1 54.7 0.96 0.56 
059 G. ruber pink Reflected 148.9 167.7 1.13 0.51 
059 G. ruber pink Transmitted 135.1 153.5 1.14 0.54 
060 G. ruber pink Reflected 212.5 201.2 0.95 0.58 
060 G. ruber pink Transmitted 208.8 192.0 0.92 0.54 
061 G. ruber pink Reflected 114.0 99.7 0.87 0.57 
061 G. ruber pink Transmitted 118.0 96.2 0.82 0.56 
062 G. ruber pink Reflected 141.3 156.7 1.11 0.61 
062 G. ruber pink Transmitted 141.0 147.0 1.04 0.63 
063 G. ruber pink Reflected 101.3 76.0 0.75 0.50 
063 G. ruber pink Transmitted 76.9 70.3 0.91 0.55 
064 G. ruber pink Reflected 117.2 111.4 0.95 0.56 
064 G. ruber pink Transmitted 108.2 105.7 0.98 0.57 
065 G. ruber pink Reflected 117.0 106.1 0.91 0.53 
065 G. ruber pink Transmitted 114.6 108.0 0.94 0.55 
065 G. ruber pink Reflected 72.1 60.3 0.84 0.50 
065 G. ruber pink Transmitted 75.1 73.5 0.98 0.55 
066 G. ruber pink Reflected 165.4 144.8 0.88 0.57 
066 G. ruber pink Transmitted 151.5 143.6 0.95 0.54 
067 G. ruber pink Reflected 183.1 155.0 0.85 0.54 
067 G. ruber pink Transmitted 188.7 152.6 0.81 0.57 
068 G. ruber pink Reflected 186.6 192.0 1.03 0.58 
068 G. ruber pink Transmitted 169.7 187.2 1.10 0.56 
069 G. ruber pink Reflected 128.4 82.2 0.64 0.53 
069 G. ruber pink Transmitted 110.5 85.5 0.77 0.54 
070 G. ruber pink Reflected 260.9 191.9 0.74 0.56 
070 G. ruber pink Transmitted 230.1 190.0 0.83 0.53 
071 G. ruber pink Reflected 244.1 232.0 0.95 0.52 
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Table A7, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Aperture      
Width   Height 
Aperture 
Compression 
(AC) 
Asymmetry 
Ratio     
(Ay) 
071 G. ruber pink Transmitted 232.6 237.2 1.02 0.54 
072 G. ruber pink Reflected 174.4 165.2 0.95 0.59 
072 G. ruber pink Transmitted 177.1 165.0 0.93 0.58 
073 G. ruber pink Reflected 207.0 216.0 1.04 0.60 
073 G. ruber pink Transmitted 204.0 217.0 1.06 0.53 
074 G. ruber pink Reflected 102.7 120.9 1.18 0.55 
074 G. ruber pink Transmitted 114.0 108.7 0.95 0.57 
075 G. ruber pink Reflected 93.8 78.5 0.84 0.55 
075 G. ruber pink Transmitted 123.0 84.7 0.69 0.52 
076 G. ruber pink Reflected 306.4 261.2 0.85 0.55 
076 G. ruber pink Transmitted 309.0 285.4 0.92 0.53 
077 G. ruber pink Reflected 111.4 133.7 1.20 0.55 
077 G. ruber pink Transmitted 120.6 117.0 0.97 0.57 
078 G. ruber pink Reflected 353.9 259.4 0.73 0.55 
078 G. ruber pink Transmitted 395.8 252.9 0.64 0.52 
079 G. ruber pink Reflected 257.1 261.4 1.02 0.51 
079 G. ruber pink Transmitted 225.3 258.1 1.15 0.50 
080 G. ruber pink Reflected 138.8 108.0 0.78 0.53 
080 G. ruber pink Transmitted 120.0 87.5 0.73 0.51 
081 G. ruber pink Reflected 210.2 169.0 0.80 0.55 
081 G. ruber pink Transmitted 228.0 198.8 0.87 0.57 
082 G. ruber pink Reflected 171.8 206.5 1.20 0.61 
082 G. ruber pink Transmitted 172.4 204.6 1.19 0.62 
083 G. ruber pink Reflected 99.0 117.0 1.18 0.52 
083 G. ruber pink Transmitted 120.0 104.8 0.87 0.59 
084 G. ruber pink Reflected 91.2 142.3 1.56 0.67 
084 G. ruber pink Transmitted 99.0 153.0 1.55 0.70 
085 G. ruber pink Reflected 93.8 145.5 1.55 0.51 
085 G. ruber pink Transmitted 126.0 117.0 0.93 0.55 
086 G. ruber pink Reflected 178.8 170.8 0.96 0.63 
086 G. ruber pink Transmitted 186.8 191.0 1.02 0.58 
087 G. ruber pink Reflected 153.3 126.6 0.83 0.57 
087 G. ruber pink Transmitted 126.1 124.8 0.99 0.61 
088 G. ruber pink Reflected 106.1 130.7 1.23 0.62 
088 G. ruber pink Transmitted 115.8 137.4 1.19 0.59 
089 G. ruber pink Reflected 68.5 69.1 1.01 0.56 
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Table A7, Continued 
Specimen 
# 
Identity 
Assigned 
Photographed 
Light 
Aperture      
Width   Height 
Aperture 
Compression 
(AC) 
Asymmetry 
Ratio     
(Ay) 
089 G. ruber pink Transmitted 67.4 78.9 1.17 0.56 
090 G. ruber pink Reflected 213.0 171.2 0.80 0.51 
090 G. ruber pink Transmitted 211.7 209.2 0.99 0.52 
091 G. ruber pink Reflected 105.2 123.0 1.17 0.54 
091 G. ruber pink Transmitted 123.6 108.2 0.88 0.54 
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Table A8. Downcore isotope values from Core GeoB 3938-1 (B), east of Barbados. Blank 
indicates sample consumed during analysis, or insufficient specimens to analyze. 
Core 
Interval 
Age 
(ka) 
G. ruber 
δ13C VPDB 
corr (‰) 
G. elongatus 
δ13C VPDB 
corr (‰) 
G. ruber 
δ18O VPDB 
corr (‰) 
G. elongatus 
δ18O VPDB 
corr (‰) 
3 >5.56 0.62 0.08 -2.19 -2.44 
8 5.56 1.64 0.12 -1.94 -2.57 
13 7.66 1.46 0.86 -1.81 -1.89 
18 9.76 0.92 0.64 -1.33 -0.96 
23 11.57 1.03 0.28 -1.37 -1.74 
28 13.17 0.13 - -1.34 -1.44 
33 14.78 1.31 0.77 -1.03 -0.76 
38 16.39 0.87 0.97 -1.32 -0.87 
43 18.00 0.78 0.70 -0.58 -0.19 
48 19.61 0.75 0.63 -0.25 -0.47 
53 21.22 1.06 0.80 -0.29 -0.26 
58 22.83 0.74 0.95 -0.56 -0.35 
63 24.43 1.25 1.17 -0.44 -0.15 
68 25.77 0.80 - -0.45 -1.71 
73 26.68 1.08 0.99 -0.58 -0.90 
78 27.59 1.46 0.84 -0.77 -0.87 
83 28.51 1.43 0.79 -0.59 -0.78 
 
Ages based on sedimentation rates & age model from study using material from the same core 
(Govin et al. 2014). 
Instrument: Finnigan MAT 251 gas isotope ratio mass spectrometer with Kiel III automated 
carbonate preparation device, University of Bremen, Germany. 
Standard deviation of house standard (Solnhofen limestone) over measurement period: 
0.04‰ for δ13C 
0.07‰ for δ18O  
Standard deviation range of samples:  
0.0 – 0.4‰ for δ13C 
0.0 – 0.6‰ for δ18O 
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Table A9. Downcore isotope values from Core MD02-2550, northern Gulf of Mexico. R = 
Replicate. Blank indicates sample consumed during analysis, or insufficient specimens to 
analyze. 
Core 
Interval 
Age 
(ka) 
G. ruber 
δ13C VPDB 
corr (‰) 
G. elongatus 
δ13C VPDB 
corr (‰) 
G. ruber 
δ18O VPDB 
corr (‰) 
G. elongatus 
δ18O VPDB 
corr (‰) 
623 18.38 - 0.66 - 1.12 
626 18.44 1.03 0.77 -0.12 1.36 
627 18.46 0.74 - -0.33 1.23 
627R 18.46 - 0.79 - 0.92 
637 18.65 - - -0.52 - 
639 18.69 - 0.82 -0.19 0.92 
644 18.79 - - -0.23 - 
645 18.81 1.09 0.72 -0.81 0.88 
647 18.85 0.72 1.10 -0.76 0.50 
648 18.87 0.51 0.85 -1.12 0.83 
650 18.91 0.78 0.58 -1.12 0.71 
652 18.94 0.94 0.72 -0.08 0.70 
654 18.97 - 0.87 - 0.17 
655 18.99 0.87 0.85 -0.94 0.02 
666 19.16 - 0.49 - 0.38 
681 19.40 - - - - 
685 19.47 0.93 0.66 -0.53 0.69 
686 19.49 0.76 0.51 -0.80 0.35 
686R 19.49 0.71 - -0.89 - 
687 19.51 0.86 0.33 -0.40 0.26 
687 19.51 0.88 - -0.40 - 
697 19.67 0.74 0.69 -0.50 0.47 
699 19.71 0.80 0.84 -0.57 0.19 
701 19.75 0.71 0.72 -0.67 0.53 
702 19.77 0.78 0.76 -0.68 0.90 
706 19.86 0.97 0.74 -0.48 0.31 
708 19.90 - 0.72 - 0.21 
722 20.21 - 0.98 - 0.33 
727 20.32 1.11 0.63 -0.31 -0.07 
728 20.34 - 0.88 - -0.10 
728R 20.34 1.05 - -1.13 - 
737 20.57 0.73 0.60 -1.25 -0.05 
813 22.23 1.06 0.38 -0.66 0.92 
872 23.24 - 0.62 - 0.03 
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Table A9, continued. Ages based on over forty-five AMS 14C dates. Radiocarbon ages were 
converted to calendar years using the CALIB 6.0 program developed by Stuiver et al. (1998). 
Ages previously used in Brown 2011, Flower 2004, Williams et al. 2010. 
Instrument: Finnigan MAT 251 gas isotope ratio mass spectrometer with Kiel III automated 
carbonate preparation device, University of Bremen, Germany. 
Standard deviation of house standard (Solnhofen limestone) over measurement period: 
0.04‰ for δ13C 
0.07‰ for δ18O  
Standard deviation range of samples:  
1.0 – 0.4‰ for δ13C 
0.0 – 0.6‰ for δ18O 
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Table A10. Surface Caribbean coretop assemblages based on splitting sample to ~300 planktonic 
specimens, Part I: Samples, Depths, Locations, Total Count, and Splits. NR = None Recorded.  
Cruise Sample Station 
Water 
Depth 
(m) 
Lat. Lon. 
Total 
Count 
# Splits 
M35/1 M35002 407 1503 12.0333 -61.1783 296 4 
M35/1 M35003-5 408 1300 12.0840 -61.2433 300 4 
M35/1 M35004-3 409 2889 14.4108 -61.6661 384 5 
M35/1 M35005-4 410 2289 15.4538 -62.2320 262 7 
M35/1 M35006-7 411 886 16.4228 -62.452 317 9 
M35/1 M35008-3 412 2827 18.0411 -64.1616 303 8 
M35/1 M35010-3 413 2702 18.9329 -64.09 387 17 
M35/1 M35012-7 414 1121 18.3011 -63.63 335 10 
M35/1 M35013-4 415 902 18.3141 -63.4513 405 6 
M35/1 M35014-2 416 1604 17.8410 17.8410 350 5 
M35/1 M35019-2 417 1824 17.6725 -65.435 324 7 
M35/1 M35020-3 418 2003 17.9301 -65.669 363 6 
M35/1 M35023-5 419 1186 17.6021 -65.684 431 8 
M35/1 M35025-2 421 1781 17.7551 -67.006 415 6 
M35/1 M35026-1 422 3815 17.5067 -67.0469 348 10 
M35/1 M35037-2 424 1190 16.9147 -79.3856 297 8 
M35/1 M35043-2 425 NR 17.6396 -79.1686 331 8 
M35/1 M35045-7 426 698 17.6121 -78.882 285 3 
M35/1 M35052-5 427 1447 16.5699 -77.6938 293 8 
M35/1 M35054-1 428 1942 16.5352 -76.6462 481 9 
M78/1 NR 182-2 1515 29.00000 -87.8333 219 3 
M78/1 NR 183-1 1244 29.00000 -87.333 291 4 
M78/1 NR 186-1 779 26.60500 -84.864 349 7 
M78/1 NR 229-1 877 11.79217 -62.6427 365 7 
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Table A11. Surface Caribbean coretop assemblages based on splitting sample to ~300 planktonic 
specimens, Part II: Globigerinoides ruber types. (G. ruber and G. elongatus counts did not 
include specimens with kummerform chambers) 
Cruise Station 
Total 
Count 
# white 
Globigerinoides 
#          
G. ruber 
#                  
G. elongatus 
#  pink                
G. ruber 
M35/1 407 296 110 48 48 48 
M35/1 408 300 107 49 47 47 
M35/1 409 384 157 66 48 48 
M35/1 410 262 97 45 50 50 
M35/1 411 317 111 59 45 45 
M35/1 412 303 77 49 30 30 
M35/1 413 387 67 45 19 19 
M35/1 414 335 79 50 28 28 
M35/1 415 405 140 84 47 47 
M35/1 416 350 96 59 36 36 
M35/1 417 324 81 53 27 27 
M35/1 418 363 96 68 25 25 
M35/1 419 431 77 45 26 26 
M35/1 421 415 77 58 16 16 
M35/1 422 348 79 50 27 27 
M35/1 424 297 69 38 29 29 
M35/1 425 331 108 61 38 38 
M35/1 426 285 101 74 24 24 
M35/1 427 293 83 53 25 25 
M35/1 428 481 118 80 34 34 
M78/1 182-2 219 26 20 6 6 
M78/1 183-1 291 64 46 18 18 
M78/1 186-1 349 109 89 20 20 
M78/1 229-1 365 94 50 44 44 
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Table A12. Surface Caribbean coretop assemblages based on splitting sample to ~300 planktonic 
specimens, Part III. 
Cruise Station 
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M35/1 407 13 2 0 19 8 0 23 4 4 0 
M35/1 408 12 0 0 35 18 0 25 0 0 0 
M35/1 409 6 1 0 41 15 1 11 4 1 1 
M35/1 410 13 2 0 43 23 0 17 0 0 0 
M35/1 411 11 6 0 54 24 0 16 1 0 0 
M35/1 412 19 2 0 34 20 1 29 2 0 0 
M35/1 413 32 13 0 41 45 1 21 3 0 0 
M35/1 414 27 3 0 23 33 0 25 0 0 0 
M35/1 415 15 4 0 51 27 0 19 2 1 2 
M35/1 416 17 4 0 38 21 0 28 6 3 0 
M35/1 417 16 1 0 32 23 0 19 2 2 1 
M35/1 418 31 5 0 30 37 2 27 1 0 0 
M35/1 419 33 7 0 49 42 2 21 1 1 1 
M35/1 421 43 3 0 51 33 1 28 0 1 0 
M35/1 422 19 5 1 43 34 0 27 4 2 0 
M35/1 424 26 3 0 38 40 1 15 4 0 1 
M35/1 425 8 1 0 35 42 1 25 5 0 2 
M35/1 426 18 3 0 14 33 1 40 1 1 0 
M35/1 427 18 3 0 41 37 3 12 1 0 0 
M35/1 428 51 6 0 67 52 1 35 7 0 0 
M78/1 182-2 7 2 0 12 4 0 28 6 12 3 
M78/1 183-1 2 2 0 13 3 0 23 4 26 7 
M78/1 186-1 6 0 4 21 10 0 19 2 20 10 
M78/1 229-1 15 1 0 54 36 1 11 1 1 2 
 
 
 
 
146 
 
Table A13. Surface Caribbean coretop assemblages based on splitting sample to ~300 planktonic 
specimens, Part IV. 
Cruise Station 
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M35/1 407 0 0 19 1 0 1 0 0 0 1 
M35/1 408 0 0 23 0 0 3 1 0 0 2 
M35/1 409 2 0 16 1 0 3 2 2 0 0 
M35/1 410 0 0 0 2 0 3 1 2 0 0 
M35/1 411 0 0 18 3 0 5 0 0 0 0 
M35/1 412 0 0 31 5 0 5 0 0 0 0 
M35/1 413 1 0 46 4 0 12 3 0 0 0 
M35/1 414 0 0 32 1 0 6 3 0 0 0 
M35/1 415 0 0 25 1 0 11 4 0 0 0 
M35/1 416 0 2 27 0 0 5 0 0 0 0 
M35/1 417 1 0 23 2 0 4 0 1 0 0 
M35/1 418 0 1 43 1 0 5 1 0 0 0 
M35/1 419 0 1 71 8 0 6 2 0 0 0 
M35/1 421 0 1 47 0 0 5 3 0 0 0 
M35/1 422 0 0 22 2 0 0 2 1 0 1 
M35/1 424 0 0 14 3 0 4 0 0 0 0 
M35/1 425 3 11 9 0 0 3 0 0 0 0 
M35/1 426 0 1 3 0 0 0 0 0 0 0 
M35/1 427 0 0 15 5 0 0 0 0 0 0 
M35/1 428 8 0 19 4 0 2 0 0 0 1 
M78/1 182-2 4 0 18 17 0 28 2 0 0 2 
M78/1 183-1 5 0 26 14 0 28 4 0 2 1 
M78/1 186-1 2 0 24 4 1 9 8 0 0 0 
M78/1 229-1 1 0 45 4 0 6 2 0 0 0 
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Table A14. Surface Caribbean coretop assemblages based on splitting sample to ~300 planktonic 
specimens, Part V. 
Cruise Station 
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M35/1 407 11 0 0 18 0 0 1 
M35/1 408 4 2 0 11 1 2 0 
M35/1 409 6 2 0 19 1 1 4 
M35/1 410 4 2 0 0 0 0 0 
M35/1 411 4 2 0 10 0 0 0 
M35/1 412 7 3 1 10 2 1 1 
M35/1 413 18 7 7 4 0 0 0 
M35/1 414 13 1 4 1 0 0 0 
M35/1 415 7 1 2 2 9 2 0 
M35/1 416 7 0 0 12 3 0 5 
M35/1 417 12 1 1 27 1 4 1 
M35/1 418 18 1 3 5 2 2 0 
M35/1 419 23 5 5 0 1 0 1 
M35/1 421 22 5 4 1 0 1 0 
M35/1 422 9 4 1 29 2 0 0 
M35/1 424 30 0 1 8 6 1 0 
M35/1 425 16 6 1 6 7 0 1 
M35/1 426 9 1 3 3 0 0 1 
M35/1 427 25 1 0 16 5 0 1 
M35/1 428 34 5 1 8 9 0 1 
M78/1 182-2 7 4 2 2 2 0 0 
M78/1 183-1 9 6 4 7 2 0 2 
M78/1 186-1 7 0 3 14 3 0 6 
M78/1 229-1 17 6 2 6 1 0 1 
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Table A15. Coretop isotope values from Caribbean and northern Gulf of Mexico. R = Replicate. 
Blank indicates sample consumed during analysis.  
Cruise Station Lat. Lon. 
G. ruber 
δ13C 
VPDB 
corr (‰) 
G. elong. 
δ13C 
VPDB 
corr (‰) 
G. ruber 
δ18O 
VPDB 
corr (‰) 
G. elong. 
δ18O 
VPDB 
corr (‰) 
M35/1 407 12.0333 -61.1783 1.15 1.39 -1.83 -2.13 
M35/1 407R 12.0333 -61.1783 1.27 0.94 -2.19 -2.12 
M35/1 408 12.0840 -61.2433 1.17 1.26 -2.32 -1.93 
M35/1 408R 12.0840 -61.2433 1.52 0.86 -2.15 -2.11 
M35/1 408R2 12.0840 -61.2433 0.71 - -2.09 - 
M35/1 409 14.4108 -61.6661 0.58 1.07 -2.11 -2.17 
M35/1 409R 14.4108 -61.6661 1.20 0.69 -2.13 -2.13 
M35/1 410 15.4538 -62.2320 1.01 0.88 -2.11 -2.03 
M35/1 411 16.4228 -62.452 1.57 0.74 -2.10 -1.65 
M35/1 411R 16.4228 -62.452 0.73 - -1.97 - 
M35/1 412 18.0411 -64.1616 0.73 0.99 -2.15 -2.14 
M35/1 413 18.9329 -64.09 -0.07 0.74 -2.48 -1.97 
M35/1 414 18.3011 -63.63 1.43 0.45 - -2.31 
M35/1 415 18.3141 -63.4513 0.89 0.68 -2.26 -2.03 
M35/1 416 17.8410 17.8410 0.97 0.42 -2.13 -1.91 
M35/1 417 17.6725 -65.435 0.91 0.46 -2.02 -1.79 
M35/1 418 17.9301 -65.669 - 0.81 - -2.02 
M35/1 419 17.6021 -65.684 1.16 0.37 -2.27 -1.91 
M35/1 421 17.7551 -67.006 1.07 0.80 -2.39 -1.98 
M35/1 422 17.5067 -67.0469 0.82 0.72 -1.80 -2.32 
M35/1 424 16.9147 -79.3856 1.06 - -2.34 - 
M35/1 425 17.6396 -79.1686 1.50 1.21 -1.97 -2.02 
M35/1 426 17.6121 -78.882 1.40 1.19 -1.87 -2.00 
M35/1 427 16.5699 -77.6938 1.45 1.17 -1.94 -2.07 
M35/1 428 16.5352 -76.6462 1.11 - -2.11 - 
M78/1 182-2 29.0000 -87.8333 1.24 1.24 -1.89 -1.57 
M78/1 183-1 29.0000 -87.333 0.44 1.13 -1.72 -1.51 
M78/1 186-1 26.6050 -84.864 0.85 0.97 -1.72 -1.52 
M78/1 229-1 11.7922 -62.6427 0.86 1.28 -2.0 -1.94 
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